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ABSTRACT. The Single Aperture Large Telescope for Universe Studies (SALTUS) is a mission
concept for a far-infrared observatory developed under the recent Astrophysics
Probe Explorer opportunity from the National Aeronautics and Space Administration.
The enabling element of the program is a 14-m diameter inflatable primary mirror,
M. Due to its importance to SALTUS and potentially other space observatories, we
focus entirely on M1. We present a historical overview of inflatable systems, illus-
trating that M1 is the logical next step in the evolution of such systems. The process
of design and manufacture is addressed. We examine how M1 performs in its envi-
ronment in terms of the operating temperature, interaction with the solar wind, and
shape change due to non-penetrating particles. We investigate the longevity of
the inflatant in detail, show that it meets mission lifetime requirements with ample
margin, and discuss the development and testing to realize the flight M1.
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1 Introduction

The Single Aperture Large Telescope for Universe Studies (SALTUS) is a mission concept devel-
oped for the ongoing National Aeronautics and Space Administration (NASA) Astrophysics
Probe Explorer (APEX) opportunity. From the Latin for “leap” or “jump,” SALTUS is a far-
infrared (far-IR) space observatory operating from a halo orbit around L2. SALTUS is capable
of observing the first galaxies, protoplanetary disks at various evolutionary stages, and a wide
variety of solar system objects, utilizing the large photon collecting power and angular resolution
afforded by its 14-m diameter unobscured clear aperture and an operating wavelength ranging
from 30 to 659 um. The science program for this observatory is described at length in the other
contributions in this special section.'

The key enabling feature of the SALTUS architecture and the subject of this paper is its large
aperture inflatable primary reflector known as M1. M1 is connected to the spacecraft via a
deployable ~17-m single boom.> The lenticular reflector is shown in the context of the
SALTUS mission in Fig. 1 and is constructed of a 0.5 mil (6.75 ym) thick polyimide film.

*Address all correspondence to Jonathan W. Arenberg, jon.arenberg@ngc.com

J. Astron. Telesc. Instrum. Syst. 042306-1 Oct-Dec 2024 ¢ Vol. 10(4)


https://orcid.org/0000-0003-1096-5634
https://orcid.org/0009-0007-9674-976X
https://orcid.org/0000-0003-1947-7741
https://orcid.org/0000-0002-1122-8727
https://orcid.org/0009-0009-7487-0619
https://doi.org/10.1117/1.JATIS.10.4.042306
https://doi.org/10.1117/1.JATIS.10.4.042306
https://doi.org/10.1117/1.JATIS.10.4.042306
https://doi.org/10.1117/1.JATIS.10.4.042306
https://doi.org/10.1117/1.JATIS.10.4.042306
https://doi.org/10.1117/1.JATIS.10.4.042306
mailto:jon.arenberg@ngc.com
mailto:jon.arenberg@ngc.com
mailto:jon.arenberg@ngc.com

Arenberg et al.: Design, implementation, and performanée of the primary reﬂector. %

(M1) 14-m diameter clear aperture - - - - — - -

Fig. 1 3D rendered image of the SALTUS observatory, featuring an inflatable 14-m diameter off-
axis primary mirror technology and its sunshield for radiative cooling below 45 K (image credit
University of Arizona).

This paper is dedicated to addressing the most obvious questions surrounding such a large
non-traditional optic. How is such a mirror designed and constructed? How can such a system
maintain performance in the hostile environment of space? Furthermore, if such performance is
established, how long can it be maintained? What are the plans for M1’s development and test?

The fundamental promise of an inflatable primary optic is the ability to enable very large
collecting areas, such as for low mass, volume, cost, and schedule. The authors of this paper are
some of the principals in a recent APEX proposal, SALTUS, which is based on this fundamental
promise. The purpose of this paper is to document our recent advances in developing inflatable
optics to increase confidence in their technical viability. We present our analysis as generally as
possible, using the work we did for SALTUS to build upon the prior conceptual design of OASIS,
an Astrophysics Medium Explorer proposal.’

The possibility of inflatable systems for applications in space is almost as old as the space
age itself. In fact, one of the early demonstrations of the relevance of advanced space technology
came with EchoStar and the first demonstration of advanced global communication and other
early experiments.* Inflatable systems have been studied for various applications, such as struc-
tures, reflectors, and even habitats.””!' There are also many examples of inflatable systems being
considered the basis of space-based optical systems.”*!'~!3 To underscore the idea that inflatable
optical systems are hardly a novel concept, consider the results of a literature search for inflatable
reflectors and antennas for space, as shown in Fig. 2. The figure illustrates that this basic archi-
tecture has been investigated for over 40 years. These activities, particularly those concerned with
making reflectors, were very active and well funded in the 1990s, with much of the art sum-
marized in a book edited by Jenkins.’ The cessation of research following the 9/11 attack has
left the development of inflatable systems largely stagnant. Since the 2000s, the literature on
inflatable optic systems focused on the inflatable technology itself and not its integration into
a full system. A NASA experiment in the late 1990s, the Inflatable Antenna Experiment, which is
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Fig. 2 Literature on inflatable space telescopes from the past 40 years.
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a 14-m diameter parabolic reflector deployed from the space shuttle on Mission STS-77, has
direct legacy to SALTUS as a proof of concept.'*

Due to their lighter weight and more volumetrically efficient systems, inflatable optics are a
natural next step in the evolution of space optics. This trend is founded on a fundamental truth of
the physics of reflective optics; light from a cosmic target only interacts with the reflective coat-
ing. Anthropomorphizing a bit, the cosmic signal only “knows” the coating layers and their
properties and does not “see” or interact with the substrate that holds the surface in place.
What matters is configuring the reflective surface in the right shape and at the right place in
a system to achieve and maintain performance. M1 offers the possibility of creating and main-
taining a very large aperture optical system, at low mass and volume, thereby enabling scientific
discovery previously unimaginable.' This kind of promise seems almost too good to be true. To
convince ourselves that this is not “21st-century optical snake oil,” we methodically analyzed
many of the key questions associated with the realization of a large space aperture based on
inflatable optics and present the results in this paper.

A completely comprehensive treatment of inflatable optics is well beyond the scope of a
journal paper, such as this. We focus on those elements of the inflatable reflector that we believe
show the viability of the technology and our implementation of it. The process of modeling an
inflatable optic and the resulting optical design are separate reports.'®!>!® For a system as large as
SALTUS, we need to show that it is possible to measure the primary aperture and to do so without
recourse to a vacuum chamber.!” More details on other aspects of the SALTUS observatory archi-
tecture can be found elsewhere in this special issue.”

2 Design and Manufacturing of M1 and Inflation Control System
(ICS)

The primary mirror system consists of M1 and the surrounding truss that holds the reflector in
tension and serves as the primary mechanical interface between M1 and the deployable boom.
Both the boom and truss contain mechanisms to adjust and maintain alignment.

M1 is an off-axis parabolic-shaped inflatable formed by edge bonding two elliptical, 0.5 mil
(12.67 um) thick, diameter polymer films. M1 has an optical clear aperture equivalent to a 14-m
diameter, and the physical size of M1 is larger, ~15-m diameter. The films are constructed from
trapezoidal gore segments that are thermally formed on an aluminum mandrel to the proper fig-
ure, and they are edge bonded together in such a way that, when inflated, a seamless, off-axis
parabolic shape is produced. M1 is filled with far-IR spectrally inert and noble helium (He) and
inflated to the design pressure, Py of ~5.1 Pa. When operating in a space environment, these
pressures produce a wrinkle-free surface.'®'® The inflation pressure is actively controlled to
ensure that the correct figure is maintained during science observations over the mission lifetime.

Both the design and verification of M1 will be analytically based and validated on a subscale
of 8 m and full flight size representative engineering models; see Sec. 4. To demonstrate that
metrological data are sufficiently accurate to validate a finite element model (FEM), the SALTUS
team carried out a series of measurements on an existing 1-m diameter test article in a chamber at
the Northrop Grumman Space Park Facility.'"'®!” This experimental series involved inflation
with various gases at atmospheric pressure and vacuum to quantify gravitational and buoyant
effects. Test measurements and analytical models indicate the shape difference in M1 between
being on-ground and on-orbit as gravitational effects will be only in low orders. The low-order
shape errors of M1 and the induced aberrations such as coma can be simply compensated by
the rigid body motion of M1 with respect to the corrector unit.'® The required rigid body motions
are facilitated by actuators that are a typical element of our planned AstroMesh™ reflector
system.2

The AstroMesh™ reflector was developed in 1990 and has been refined over the last
30 years with 13 successful mission deployments.>!'® A sketch of M1 installed in a deployed
AstroMesh™ is shown in Fig. 3. The deployed AstroMesh™ reflector structural integrity comes
from three components: the perimeter truss, the net consisting of kevlar webs, and the tension
ties. The net is necessary to give the deployed truss radial stiffness by reacting tension and com-
pression loading in the webs. Without the net, the radial stiffness of the truss depends on the
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Fig. 3 AstroMesh™ truss and SALTUS reflector (a) shows a sketch of the M1 reflector located in
the AstroMesh™, (b) Photograph of a typical AstroMesh™ truss, note the gold mesh and the size
of the technicians, a key future trade will be to retain or remove the gold mesh as it contributes
significantly to the stiffness of the deployed truss (c) shows a sketch of the M1 face on, the very
small diameter ties are not resolvable at the scale of this drawing.

bending stiffness of the truss members. The tension ties preload the net, so it can react to com-
pression loading.

2.1 M1 Design Process

To achieve the M1’s desired parabolic shape, we first have to solve the inverse problem, that is,
finding the shapes of the gores that give the final desired 3D surface shape when inflated. This
inversion process has been coded into a computer program FLATE. Given a final shape, FLATE
calculates the initial un-stressed shape of the membrane gores.'” Figure 4(a) illustrates the inverse
problem, and Fig. 4(b) shows how membrane gores are joined together to form the parabolic
reflector. A canopy [as shown in Fig. 4(c)] is used to create a lenticular volume to contain the
inflation pressure.

Utilizing the SALTUS optical design, Kim et al.'*> showed that the millimeter-level surface
figure deviations across the M1 aperture can be corrected to provide a diffraction-limited per-
formance in the far-IR. Surface accuracies on the order of 0.5- to 1-mm root mean square (rms)
have been measured on reflectors up to 3 m in diameter. The 14-m diameter inflatable antenna
experiment (IAE) reflector had a measured accuracy of 2-mm rms overall, with one 3-m section
having an error of 0.365-mm rms.'* With the most recent fabrication method using very precise
proprietary tooling and a mandrel design, we expect surface accuracies of less than 1-mm rms for
diameters up to 30 m. We recently built and measured a 3-m diameter, F /D = 1 inflatable reflec-
tor to have a surface accuracy of ¢ = 0.65 — mm rms. This test article was built on existing
mandrels. If the 3-m test article is built using the more precise fabrication mandrels planned
for use on SALTUS, the surface accuracy will be higher.

2.1.1 Preliminary finite element analysis of SALTUS

Figure 5 shows the finite element model (FEM) mesh used by the FAIM code used to predict
M1’s shape.!” FAIM has been validated against known analytical solutions as well as

In\efse Solution
Uninflated
Shape -
calculated by
FLATE For\\m'd Transformation

Desirgd Final
Inflated Shape
~ -~

-

Fig. 4 (a) Solving the inverse problem. (b) Reflector made with pie shaped gores. (c) An inflatable
reflector made with 24 aluminized Kapton gores (image credit L’Garde).
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Fig. 5 Surface accuracy as a function of inflation pressure.

experimental results and showed excellent agreement.'®?° FAIM is a geometrically nonlinear
finite element analyzer with membranes and tension-only cables in its element library. It can
accept loadings of internal and external pressure, nodal forces, element forces, nodal/element
temperatures, body acceleration, and pre-stress. Boundary condition inputs include zero and
non-zero displacements, spring, and skew boundary conditions, where nodes are restrained
to only move along a plane not parallel to the global x —y, y — z, and x — z planes.

The SALTUS uninflated seamless shape is first calculated using the FLATE code and used to
generate the geometry of the FEM. The inflation pressure was chosen to result in a film stress of
6.895 MPa (1000 psi). The boundary condition at the perimeter of the reflector consists of dis-
placements of the outer perimeter nodes to their final inflated x — y — z location. Cable elements
were used to simulate the effect of the seam tapes. The results of the FAIM run at varying pres-
sures are summarized in Fig. 6. Figure 7 shows a zoomed-in view of the rms error near the
minimum. The pressure corresponding to the minimum rms error, ~5.019 Pa, is Py, the nominal
designed-for inflation pressure. The dashed vertical lines in Fig. 7 represent our initial inflation
tolerance, 0.001 P,, which shows that this error in inflation is equivalent to an increased surface
error of 11 ym rms of the pressure tolerance range. Figure 8 shows the change in focal length
with M1 pressure.
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Fig. 6 Typical mesh for modeling (image credit L’'Garde).
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Fig. 7 Exploded view of rms surface versus pressure. The error is relative to the minimum surface
error.
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Fig. 8 Focal length as a function of inflation pressure.

2.1.2 Tolerances and shape budget

The sources of inflatable reflector surface errors come from manufacturing and environmental
factors. These include tolerances in (a) gore shape, (b) mounting to the perimeter truss, (c)
material property variation over the membrane continuum [modulus, coefficient of thermal
expansion (CTE), thickness, etc.], (d) thermal effects on orbit, and (e) material creep under
heightened stress and temperature.

The use of thermo-forming using highly accurate 3D gore mandrel assemblies reduces the
gore shape error to its minimum, limited by the precision and accuracy of the mandrels, and it is
expected to be independent of the optical form, on or off axis. The reduction of errors due to mating
with the perimeter truss can be reduced using highly accurate fabrication support equipment.

SALTUS utilizes a sunshield and has a limited field of regard (FOR).? The range of expected
temperature variation over the FOR is less than 1K (hot to cold) and is discussed in Sec. 3.4.3.
This small temperature change makes the attitude-dependent thermal distortion small.

The mean operating temperature of the inflatable SALTUS reflector is ~37 K, rendering the
effect of material creep and its impact on shape distortion to a minimum."”

The nominal membrane film stress on the inflatable SALTUS reflector is 1000 psi, which
makes M1 unwrinkled and, at least piecewise, a smooth and continuous surface. We also carried
out measurements of the roughness of likely membrane materials for their suitability as specular
reflectors, also known as good mirrors.”! In Ref. 21, we find that the measured roughness of a
typical membrane with coating is ~0.05 ym rms. Using the conventional approximation, the total
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integrated scatter from a surface at a reference wavelength of 30 ym is ~0.00044. Thus, the
scattered energy is a very small fraction compared with the specular reflection energy, which
is 1 to 0.00044. Thus, we can confidently claim that the M1 surface is specular, which has been
confirmed experimentally.'”

2.2 Optical Prescription and Performance

The on-orbit performance of M1 is predicted using a validated FEM. Model validation will come
from measuring the surface shape of the inflatable reflector on the ground as a function of the
inflation pressure, temperature, temperature variation over the surface, and boundary conditions.
See Sec. 4 for more details on the test and development plans.

2.3 Manufacturing
The SALTUS M1 builds on the legacy of the 14-m diameter inflatable antenna experiment (IAE)
L’Garde built for NASA flown on the Space Shuttle Mission STS-77 in May 1996.'*

The SALTUS baseline calls for clear 0.5-mil-thick polyimide and 0.5-mil-thick aluminized
polyimide for the canopy and reflector, respectively. These materials were chosen because they
have high transmittance at the wavelength of interest for the specific science and are tolerant to
the environment.’>?* These baseline materials are similar to those chosen for the JWST
sunshield.** Material choices, i.e., specific polymers to use for flight, will be studied and refined
further as we proceed with the development.

The flight material membrane must meet a wide range of requirements that are yet to be fully
defined, such as micrometeoroid impact robustness, electrical conductivity, coefficient of mois-
ture, thermal expansion, thickness uniformity, radiation, and ultra-violet damage resistance.
Detailing these requirements and conducting the qualification plan are activities that will be con-
ducted early in the program, very similar to the TRL-6 program carried out on the sunshield
layers for the Webb Telescope at Northrop Grumman in the middle 2000s.%

As discussed in Sec. 2.1, the attainment of an accurate reflector surface starts with accurately
shaped gores, the shape of which is derived from the FLATE calculation of the initial uninflated
shape. The desired high accuracy will not be achieved if the gores cannot be seamed together
with the required precision. The seaming of all gores for both the canopy and reflector is followed
by an acceptance measurement prior to bonding the perimeter doubler around the lenticular. An
example of the (scalloped) perimeter edge support for an inflatable lenticular is shown in Fig. 9.

2.3.1 Assembly, integration, and measurement

Each gore of the 14-m diameter SALTUS M1 will be thermo-formed using a proprietary process.
It uses a highly accurate 3D gore mandrel assembly. An example of a thermo-formed Kapton
membrane is shown in Fig. 10.%° It is noted here that the curvature of the membrane shown in
Fig. 10 is more severe than the curvature of the 14-m diameter SALTUS M1.

(b)

Fig. 9 (a) 3-m diameter inflatable lenticular showing its scalloped perimeter doubler edge support.
(b) Fully inflated 1-m diameter lenticular with inflatable torus support, diameter inflatable solar con-
centrator built by L’Garde for TransAstra Corporation in support of their in situ resource utilization
activities (image credit L’Garde).
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(a) (b)

Fig. 10 Thermo-formed Kapton membrane (image credit L’Garde). (a) Membrane and support
equipment prior to thermo-forming, (b) final thermo-formed membrane with the support equipment
removed.

Figure 11 shows the gores of the 3-m diameter. These gores were made from flat gore
segments (not thermo-formed); the surface figure accuracy obtained for the fully assembled
3-m on-axis reflector is € = 0.65-mm rms, which shows the robustness of the L’Garde code
used. The use of a thermo-formed initial uninflated configuration for SALTUS will only enable
higher surface accuracy.

We designed, fabricated, and measured antenna reflector diameters ranging from %2 to
1, 3,22 7,2 and 14 m.** The 7-m reflector is shown in Fig. 12(a), and the 14-m IAE reflector
on-orbit is shown in Fig. 12(b).

' 3‘ e
(a) (b)

Fig. 11 3-m diameter gores laid out and bonded (image credit L'Garde).

(b)

Fig. 12 (a) 7-m diameter, F/D = 0.5 On-Axis Reflector Canopy. (b) IAE on orbit. [Panel (a) image
credit L’Garde; panel (b) image credit NASA].
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2.4 Expected Performance

The presence of localized deviations due to the sealing lines has been reduced by several means.
In the design of the gores, we analytically consider the presence of thicker seam tapes at the
sealing line areas in our calculation of the gore shape of the initial uninflated configuration.
This means that, on inflation to the desired pressure, P, we obtain a surface figure very close
to that desired—in this case, a paraboloid. By design, the inflation pressure value is high enough
to give membrane strains that remove the packaging wrinkles and creases. Reflectors designed in
this manner and made by L”Garde show no visible distortions at the seams nor at the perimeter.
This was the case on the 14-m diameter IAE as well as subsequent inflatable paraboloid reflec-
tors. More recently, the 3- and 1-m diameter inflatable paraboloid reflectors that we designed and
fabricated show the same wrinkle-free behavior.

SALTUS will use a highly accurate 3D Gore Mandrel Assembly that can thermoform the
initial uninflated gore shapes, rendering them with curvatures not only along the meridian but
also along the hoop direction. The use of thermoforming results in the uninflated shape of M1
being very close to the theoretical starting configuration and in continuous optical surfaces
across sealing lines. Moreover, to make the initial shape even closer to the theoretical curva-
ture, we use a “seamless approach” in conjunction with thermo-formed gores. Seamlessness is
achieved using two sets of identical gores that are bonded in a staggered manner. The ther-
moforming of M1 gores results in the minimization of membrane thickness variation over the
M1 surface.

Optical simulations of the SALTUS optical system show that the 7 mm of rms deviation
from the best-fit-surface is correctible.!® The inflatable reflectors made to date, including the
IAE, have surface accuracies better than this. Moreover, with our new fabrication method using
the 3D gore mandrel assembly, we expect to achieve surface accuracies 5 to 10 times better
than the current state of the art, which is below 1-mm rms. This combination of requirements
and capabilities gives us confidence in our ability to build a successful SALTUS primary
mirror, M1.

From the past L’Garde project called the “large inflatable structures,” analysis showed that,
for a 21 K temperature gradient across the surface of a 15-m diameter reflector, the surface deg-
radation is on the order of 2.5-mm rms. The low temperature and the low-temperature variation
over the M1 surface can be known through analysis and experiments, and their deleterious effects
on the M1 accuracy can be removed through design. The low-temperature gradients help to min-
imize the negative effects of the CTE and CTE non-uniformity over M1. There are also low CTE
polyimides on the market that would be included in any selection process for the final flight
materials.”!

We performed experiments on subscale inflatables to determine the minimum film stress
needed to remove wrinkles and creases due to packaging. The results of our experiments show
that the film stress must at least be 4.5 MPa (650 psi). SALTUS’s design pressure of 5.1 Pa results
in a 6.89-MPa (1000 psi) film stress to assure that no packaging wrinkles and creases remain.
Furthermore, we consider the creation of wrinkles and creases as we detail the stowing approach;
see Fig. 13.%

Measurements of the surface accuracy of inflatable paraboloid reflectors using Lidar and
photogrammetry show that the surface accuracies achievable on SALTUS and IAE-like diam-
eters are on the order of 1-mm rms. This was achieved after the reflector membrane was folded
and packaged.

2.5 Stowage and Deployment
A concept for the packaging of M1 is depicted in Fig. 13. The outer annular ring in Fig. 13(a) is
analogous to the scalloped perimeter doubler for the 3-m inflatable shown in Fig. 9(a). This
doubler is folded, as shown in Figs. 13(a) and 13(b), and the canopy and reflector are suspended
using fabrication support equipment, as shown in Fig. 13(c). After folding to the stowage size,
the edges of the perimeter doubler are mated with the inner AstroMesh™ perimeter, followed by
a “z-fold,” as shown in Fig. 13(c).

The deployment of the AstroMesh™ occurs first. Inflation of M1 to P, is initiated only after
the perimeter truss is fully deployed and able to take load.
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©

Fig. 13 Representation of the packaging of the inflatable lenticular. (a) Outer doubler shown (with-
out inflatable). (b) Lenticular folded to the same diameter as available within the stowed AstroMesh
truss. (c) The canopy and reflector are shown folded as cones with a projection on the plane that is
similar to the opening of the central “hole” in panel (b). The reflector and canopy are then Z-folded
as depicted in (d) blue and green (image credit L'Garde).

2.6 Contamination
Far-IR systems can be quite sensitive to contamination, especially if contamination increases the
emissivity of a surface. In the case of M1, we must be concerned with contamination from the
manufacturing process and ground handling as well as during flight. The main concern in flight
will be particles and molecular contamination, mainly hydrocarbons and water from the infla-
tant tanks.

Figure 14 shows Q,, the dimensionless ratio of the physical absorption cross-section to the
geometric area of the particle. Q,, calculated from Mie theory, is shown for particles of salt

—— Aluminum
Carbon
Salt

— — Filtration Limit

Qabs, Absorption/Emittance Cross Section

1 10 100 1000
Particle Radius (um)

Fig. 14 Absorption cross-section, Q,ps, for candidate M1 contaminant species, aluminum, carbon,
and salt (NaCl).
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Fig. 15 Inflation control system block diagram.

(NaCl), carbon, and aluminum at a wavelength of 100 um as a function of the particle size. The
three chosen species are models for likely contaminants from the manufacturing process. Salt,
NaCl, represents spit and sweat from human activity; carbon, C, is a surrogate for general soot
and dust; and aluminum, Al, represents metallic debris. The emissivity of a particle is propor-
tional to Q,,, and the fractional area coverage (FAC). As can be seen from the plot, the larger
particles have larger absorption cross sections and therefore are the greatest potential contami-
nation hazard in terms of emittance. We will manufacture M1 in a clean environment and limit the
particles that are on the membranes as it is assembled. Furthermore, techniques were developed
to clean membranes of the size of M1, namely, the James Webb Space Telescope (JWST)
sunshield layers, which had a measured coverage of 0.002 to 0.007 percent area coverage
(PAC = FAC*100).* On this basis, we firmly believe that we can manufacture sufficiently clean
membranes for M1.

It is well known in contamination control engineering that surface cleaning preferentially
removes large particles, which is desired for this application.

To limit the particles inside M1, the ICS will use ultra-high purity He inflatant and will have
a filter to limit particles from being pushed into the volume of M1 over the life of the mission.
This filter can be seen in the high-pressure section of the ICS block diagram (Fig. 15), limiting
particle size to ~5 um, indicated by the vertical red line in Fig. 14, and shows that the Q,;,; will be
limited to small values via the limitation of particle sizes.

Table 1 provides a summary of the impacts of contamination from all sources and the
planned mitigation. In short, the contamination requirements and mitigations will ensure that
the performance of M1 is not compromised.

2.7 Inflation Control System (ICS) Architecture

The ICS is a closed-loop control system that regulates the flow of inflatant (helium) from high-
pressure storage tanks on the spacecraft through gas lines on the boom to M1. It maintains the
pressure within M1 to meet the performance requirements over all attitudes and through the
mission life during science operations. The ICS maintains reflector pressure during science
observations within 0.001 of the design pressure, P, namely, 5.1 mPa.

The pressure in M1 is sensed through multiple strain gauges made from piezo-electric film
bonded to M1, connected in a four-wire arrangement, and located outside the optical clear aper-
ture. The strain gauge produces a voltage proportional to film strain, which is proportional to
pressure and forms the basis of the error signal for the control loop. Our current baseline is to
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Table 1 Contamination impacts and mitigations.

Contamination

type (requirement)

Impact on SALTUS

Mitigation

Particulate (0.5

PAC/surface)

Water ice
(20 A/surface)

- Emissivity and scattering increase,
transmission loss

- Dominated by larger particles and those
with sizes that are the same as SALTUS
wavelengths®

- Transmission loss due to absorption
loss mainly from 30 to 100 um. 20 A/
surface is 1% peak loss (~45 um)3®

- Increased emittance in low emittance
(coated) surfaces.®®

- M1 is not cleanable after assembly, so it
requires strict protocols for manufacture,
storage, and monitoring

- NB: Cleaning preferentially removes
large particles, so the impact on the
latter optics in the corrector module is
very small'®

- Limit ice accumulation through design.
Design sources, such as composite
structures, to cool before optics or add
heaters to optics. (Legacy JWST) Plan
proper venting and contamination

analysis to predict icing
This increase in emittance will be an
increase in radiance for elements with
limited sky view®

Non-volatile
resit?ue (NVR)
(30 A/surface)

- Hydrocarbon layers from long-term
exposure expected to be less than 10
A8 Such a small layer at a reflecting
surface has negligible optical
impact33:36:37

- Flight hardware will be kept in a clean
filtered environment

operate this loop as a bang—bang controller. Other control algorithms will be studied in phase A.
Based on the error signal, gas will either flow into M1 or be released from it.

The ICS architecture is presented in Fig. 15. The reservoir consists of four ARDE 4992
tanks, protected by Kevlar overwrap holding to 50 kg helium each at 4000 psia.” The latch valves,
LV1 and LV2, are opened, and a regulator passes filtered helium to the low-pressure stage. This
lower-pressure stage is plumbed to a series of proportional flow control valves (PFCVs) inde-
pendently controlled using the three-channel spacecraft torque control resources and 12-bit regu-
lated current source. The torque controller is a resource not needed by SALTUS because its orbit
is an L2 halo, well outside the Earth’s geo-magnetic field. Each PFCV is followed by a flow
control orifice, which is sized to produce three channels with a dynamic range of ~6.46, the
dynamic range of the PCFV, with a 10% flow overlap, giving the ICS an overall dynamic range
of ~218. The upper mass flow rate is set by the maximum gas loss rate at EOL and, for the most
demanding environment, ~0.9 mmol/s. The described arrangement gives a flow resolution of
6 nmol/s.

The ICS has four operating modes: (1) inflation, (2) discontinuous inflation, (3) continuous
inflation, and (4) release. Mode 1, the inflation mode, is used after deployment of the boom and
truss, where the inflation rate is slowly adjusted to the maximum rate and completes in ~40 h
depending on the flight ambient temperature. The boom and truss are the first to deploy, and the
sunshield layers are the last.2 Mode 2, the discontinuous inflation mode, is required when the M1
loss rate is below the minimum continuous flow rate of ~3.7 umol/s. For the discontinuous
inflation mode, a duplicate to the lowest flow channel is employed (indicated by a cyan box
in Fig. 15), and a valve is opened for a fixed time (3 s) and then closed for an interval, which
decreases as the M1 loss rate increases with mission elapsed time. An additional valve is needed
as the number of cycles for mode 2 is ~70% of the valve life as specified by the vendor. At ~9 to
12 weeks, the expected micrometeoroid (MM) flux will increase the loss rate to above the
minimum continuous flow capability of the ICS. After the mean gas loss rate is above the
ICS minimum continuous flow capability, the ICS will transition to mode 3, continuous flow,
and will remain in this mode for the rest of the mission. The ICS has sufficient resolution that
the error between the continuous loss rate of M1 and the discrete inflow rates has a mean error of
a few nmol/s, allowing the ICS control loop to maintain pressure within requirements. The final
mode, mode 4, release, is needed when SALTUS changes attitudes resulting in an increase in
M1’s temperature. The temperature change is proportional to the difference in the fourth root of
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the cosine from the cold to hot pointing causing a pressure in excess of tolerance of 5.1 mPa.
Excess inflatant is vented by opening the (redundant) drain valves (C or D); see Fig. 15. The vent
diameter is sized such that the maximum release time is 20 min and will occur during slews. In a
later more detailed design phase of the program, the vent diameter will be optimized to match the
final slew rate of SALTUS so as not to impact observational efficiency.” The venting resulting
from cold to hot point is discussed in more detail in Sec. 3.4.3.

3 M1 in the Operating Environment

SALTUS will operate in a halo orbit near Sun-Earth L2.?> The SALTUS environment for our
purposes is interplanetary space, where the main environmental challenges come from solar radi-
ation, wind, and micrometeoroids (MMs). This section begins with a discussion of how we
modeled M1’s temperature and concludes with a discussion of the impact of solar light pressure,
solar wind and MM on the shape of M1, including the wounds caused by MMs’ impacts. To
determine if the effect is small, we consider a simple bound, limiting case. If the impact is larger
than the tolerance, then the M1 design must respond. This response can be either
a design feature to mitigate the impact or some other process to reduce the risk of impact.
This process has been applied in the analysis of other high-performance systems.*

3.1 Thermal Modeling of M1
M1 is essentially completely isolated in the sense of thermal conductivity. Furthermore, M1 has a
very low mass and therefore, in effect, has no thermal transient, so we do not need to worry about
transient analysis. The temperature of M1 is dependent on the temperature of the top layer of the
sunshield and can be determined almost exactly from the Planck function and a little geometry.
We seek a simple form to understand the drivers of the temperature of M1. As a first-order
approximation, we consider M1 enclosed by a sphere; this sphere has two sections: the top hemi-
sphere that is open and exposed to cold (4 K) space and the bottom hemisphere that sees the top
layer (L2) of the sunshield. Let F represent the fraction of the full solid angle subtended from M1
by the sunshield; in this representation, 1-F is the fraction of the solid angle of cold (4K) space
that M1 sees.

We want to know what the M1 mirror temperature, T,, is as a function of the temperature of
the sunshield layer 2 (top or coldest layer), T;,; shield and mirror emissivities, &;,and &y,
respectively; and F. As M1 is conductively isolated and the system is in equilibrium, we know
that

heat in = heat out. @))]
The equilibrium condition in Eq. (1) is written as
A (Fera0Ti,) = Ayieni 6Ty (1= F), @)

where A, is the area of M1, oy, is the absorptance of M1, and &, and &, are the emissivities of
the sunshield layer 2 and M1, respectively. Cancelling like terms in Eq. (2) gives

aMl(FSLzﬁTiz) :SMIUT;‘/“(l—F). (3)

Solving Eq. (3) for T, gives

4 F
Ty = Ts\/(%) €2 <1 - F) )

For this simple analysis, we use the so-called gray approximation, namely, @y = €.
Under this approximation, Eq. (4) becomes

F
Ty =T, 4 €2 (ﬁ) ®)

In Fig. 16, Eq. (5) is solved for ¢;, in the (T, F) plane for various values of £;, when T, is
40 K. For the current baseline of SALTUS, F ~ 0.1 and T}, has a maximum temperature of
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Fig. 16 Contours of layer 2 emissivity giving Ty = 45 K as determined by Eq. (5).

~80 K; this design point is on the left of all contours, meaning that the emissivity of 0.7, that of a
black membrane, results in an acceptable M1 temperature.

The results in Fig. 16 illustrate the wide range of possible successful architectures for
SALTUS. The flexibility in the fundamental thermal architecture gives us confidence that, as
the concept matures, we will continue to meet and perhaps exceed temperature requirements
and deliver even greater sensitivity for the SALTUS mission.

We subsequently built a more traditional thermal model, which produced the M1 temper-
ature shown in Fig. 17. For this model, the emissivity of the reflective surface is 0.015, and that of
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Fig. 17 M1 thermal map for SALTUS baseline design.
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Fig. 18 M1 temperature change in the L2 environment.

the black backside is 0.6. In addition to the proposed baseline architecture, four other model cases
were also run. For each of these cases, the maximum, minimum, and mean M1 temperatures were
determined and plotted against the maximum temperature of sunshield layer 2. These results are
plotted in Fig. 18, and these data fall nicely on straight lines, verifying the results given in Eq. (5).

3.2 Interaction with Solar Emission

Photons and plasma from the Sun could pose a problem to M1 in two ways. The first is by
applying external pressure on the inflatable. The second is the accumulation of charge on
M1’s surface that could result in electrostatic discharge that damages the observatory.

Pressure on M1 can come from two sources, pressure from the solar wind (the outflow of
protons and electrons from the sun) and the pressure exerted by the Sun’s light. For this bounding
analysis, we neglect the presence of the SALTUS sunshield.

At the L2 Lagrange point, SALTUS’ operational milieu, M1 is embedded in the supersonic
solar wind, which is composed of roughly equal parts protons and electrons traveling radially
outward from the Sun. The dynamic pressure of the solar wind on an obstacle is calculated as
p=m psz, where m,, is the proton mass, p is the proton number density, and Vis the solar wind
bulk velocity. We use data from the WIND spacecraft, a solar wind monitor located at Sun-Earth
L1, to estimate this effect on M1. We focus on data from the solar maximum during the year 2001
when extreme solar wind disturbances are most likely to occur. We find that the maximum solar
wind dynamic pressure recorded by the spacecraft was 500nPa or 0.5 uPa, which corresponds to
pressure three orders of magnitude below the pressure tolerance of M1, 5.1 mPa. Therefore,
we conclude that solar wind dynamic pressure effects can be neglected.

Pressure induced by solar radiation is I /c, where [ is the solar intensity of ~1370 W /m? and
c is the speed of light. This gives a peak pressure from solar radiation of 4.56 uN/m? or
4.56 pPa, orders of magnitude smaller than the 5.1 mPa tolerance defined in Sec. 2.1.1. The
effects of solar wind and light pressure were evaluated without considering the effect of the
sunshield. The presence of the sunshield can only improve matters, and we need no requirements
on the performance of the sunshield as a solar windbreaker as even the full wind impact is
negligible.

M1 will be exposed to the solar wind regardless of the sunshield, and if proper design mit-
igations are not taken, the charge could accumulate and cause damage or performance degra-
dation. Furthermore, the sunshield’s shadow precludes sunlight from dissipating the charge
build-up on M1.

The accumulation of charge could deform M1 through Lorentz forces as M1 moves through
the Sun’s electromagnetic field or damage M1 through arcing. It may be possible to show that
these effects are small, but such analysis is challenging and uncertain as the environment is not
well known and such a difficult analysis could be a resource burden on the program.*’
Consequently, we will take active design measures to avoid the build-up of charge by employing
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Fig. 19 Concept for grounding features incorporated along gore seams (image credit L’Garde).

dissipative coatings and connecting M1 to the system ground. This global ground also avoids the
risk of static charge build-up and the risk that such static cling will impede deployment. The
current baseline calls for the incorporation of grounding features along seam lines. A conceptual
sketch for our grounding scheme is shown in Fig. 19.

The grounding of a large membrane system has previously been implemented, with even
more surface area than M1, namely, the JWST sunshield.?* SALTUS will use similar design
practices as JWST and apply any relevant lessons learned.

3.3 Micrometeoroids

MMs affect M1 through two imperfectly known factors; the first is the environment or MM
distribution at L2, and the second is the damage caused by the interaction of an MM of a given
size and energy. The remainder of this section contains our work on understanding each of these
factors and a discussion of the impact of potential gas leaks, critical time scales and inflatant
longevity.

3.3.1 Micrometeoroid environment

MMs pose a threat to our inflatable primary reflector M1 as the impacting particles will create
punctures in the surface, resulting in gas loss. As the gas loss rate will partially determine the
mission lifetime, it is crucial to properly estimate the impact rate at its L2 Lagrange point loca-
tion. One tool often applied for mission planning is SPENVIS,*” which can provide the integral
MM flux above a threshold mass. This model adopts an analytical description for the interplan-
etary MM flux near 1 AU from Griin et al.*’, which is valid for particle masses 10718 <m < 1 g.

It is important to note that this is a “sky-averaged” description of the integral flux. In their
paper, Griin et al.** acknowledged that the sky-distribution is anisotropic and applied corrections
to data taken from reference spacecraft, which pointed in directions of enhanced MM flux to
arrive at this result. In this section, we compare the SPENVIS model with recent models and
in situ data for expected fluxes at the L2 location. In addition, we consider the pointing direction
of M1 in the context of current assumptions and derive a correction to the SPENVIS model for
the SALTUS design.

Recent MM models rely on orbital elements of the parent body source to predict fluxes at
specified solar system locations. Thorpe et al.*' considered contributions from Jupiter-family
comets (JFC), Halley-type comets, Oort cloud comets, and asteroids. They developed an inde-
pendent description for the sky-averaged integral flux at the L1 location listed in their table 2.

In addition to the integral flux, Thorpe et al.*' also showed the predicted angular flux density
from each population source for a momentum threshold of > 1uNs, reproduced here as Fig. 20.
These sky maps demonstrate that the various populations produce an anisotropic sky distribution,
which has its largest concentrations in flux in the sunward and anti-sunward directions, with
additional notable contributions in the north/south pole directions and near the prograde
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Fig. 20 Angular flux density by the parent body source for micrometeoroids with momenta
> 1 uNs. Maps are in a solar-orbital coordinate frame centered on a spacecraft located at L1,
where the center circle denotes the subsolar direction, P is the prograde direction, and R is the
retrograde direction. Jupiter-family comets are expected to account for ~90% of the micromete-
oroid flux in the range considered, with this population flux primarily concentrated in the sunward
and anti-sunward directions. (a) Jupiter-family comets (JFC). (b) Halley-type comets (HTC).
(c) Oort cloud comets (OCC). (d) Asteroids (AST). This figure was reproduced with permission
from Thorpe et al.*’

direction. The sunward and anti-sunward fluxes are dominantly sourced from Jupiter-family
comets (JFCs), which are expected to account for ~90% of the MM particles at L1 and similarly
2.4

In situ experiments have also been performed to track the rate of MM impacts on spacecraft.
LISA Pathfinder was used as an omnidirectional detector of such impacts and found that the
direction and frequency of sensed impacts were consistent with the sky distribution shown
in Fig. 20.*' Similarly, a study was conducted for the Genesis spacecraft, which was at the
L1 location for 2.33 years. This was based on an aluminum plate that pointed exclusively in
the sunward direction.*” This study identified 32 confirmed impacts on a usable surface area
of 220 cm2, with an additional 12 features classified as possible impacts.*?

To directly compare Thorpe et al.’s*' model with SPENVIS, we need to convert the integral
flux from a function of momenta to one of mass. To do this, we use the momentum equation
p = mv, where p is the particle’s momentum, m is the particle mass, and v is the particle velocity.
We assume a meteoroid speed of 35 km/s for all particle masses. Based on the momenta range for
which these equations were derived, this would correspond to a threshold particle mass range
of ~3x 10710 <m<3x107* g

Fig. 21 shows a direct comparison of the sky-averaged integral flux of MM above a particle
mass threshold (m) based on the SPENVIS model (blue line) and the Thorpe et al.*' model (red
line). The figure shows that these models produce similar results for sky-averaged fluxes near L1
for masses >107% g.

We now consider deviations to the predicted M1 MM flux that may occur once the pointing
direction is taken into account. The JFC MM sky distribution of an angular flux density is at
the subsolar and antisolar points of ~8 impactors/(m? x year * sr) for impactors with masses
> ~2.8 x 1078 g. The sky-averaged integral fluxes corresponding to this mass threshold predict
21.4 and 28.4 impactors/(m? * year) from the SPENVIS and Thorpe models, respectively. We
divide these values by the total field of view of the sky, 4z sr, to arrive at a sky-averaged angular
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Fig. 21 Comparisons of the sky-averaged micrometeoroid integral flux above a particle mass
threshold (m) predicted by SPENVIS (solid blue line) and Thorpe et al.*' (solid red line). The mod-
els produce similar results for threshold masses > 10-8 g. The Thorpe et al.* model is converted
from a function of momenta to a function of mass assuming a particle velocity of 35 km/s. The
dotted magenta lines show the bounds for particle velocities of v =5 km/s and v =70 km/s.

flux density for these models. This results in 1.71 and 2.26 impactors/(m?  yr  sr) predicted
from the SPENVIS and Thorpe models, respectively.

We also independently calculate a correction factor for the sunward direction by comparing
predictions to the observed Genesis micrometeoroid impact counts. The detection method was
sensitive to impacting particles with a size > 1 ym.** Approximating the particle as a sphere with
a radius of 1 gm and a density of 2.5 g/cm? (Ref. 40), this would correspond to a particle mass
threshold of m > 1.05 x 10~!! g. This threshold is below the mass range valid for the Thorpe
model and thus will only be compared with the SPENVIS prediction here.

The aluminum plate onboard Genesis was directed toward the Sun for the duration of the
mission, with the plate shielded from 25% of the sky by other spacecraft structures.** This would
give a field of view for the plate of 1.5z sr. The sunward-directed angular flux density is calcu-
lated as

32 impactors

Genes is Sunward Angular Flux Density = 0,002 2 # 233 vears = LSnst
. 33y Sm

impactors

2

=1325 —/——
m” * years * sr

For a mass threshold of m = 1 x 107! g and dividing the sky-averaged integral flux by
4x sr, SPENVIS predicts an average angular flux density of 37.5 impactors/(m? * year * sr),
which is below the observed Genesis flux by a factor of ~3.5. Thus, we find that the in situ
data is in agreement with our analysis and that a correction factor in the range of 3.5 to 5 needs
to be applied to the SPENVIS model to properly estimate fluxes on M1.

3.3.2 Interaction of M1 with micrometeoroids

Two things can happen when MM impacts an inflatable. The impactor can puncture M1 and
cause loss, or it can fail to penetrate it and cause a mechanical disturbance.

The flux enhancement coming from the solar/antisolar directions is written
relative to the standard Griin et al.*’ model as
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Fig. 22 f(6) over SALTUS field of regard.

f(0) = fo+4focosb, (6)

where f represents the omnidirectional (background) flux. We can see from Eq. (6) that, when
6 = 0, the surface normal points in the solar direction and consequently the flux are enhanced by
a factor of 5. However, when the surface normal points are perpendicular to the sunward direc-
tion, 8 = 90, the surface element is impacted only by the average background flux. To under-
stand the flux variation of all combinations in between this range, we varied the solar pitch and
solar yaw angles each over the SALTUS field of regard, and the results are presented in Fig. 22.
We note here that this calculation was done assuming that the peak flux will be located at the
subsolar and antisolar points. However, the incoming direction of the MM as seen from the body
frame will be slightly off from the sun vector direction due to the motion of the spacecraft. This
effect is similar to rain falling directly down on a car, but when viewed from the car frame, the
rain appears to fall at an angle when the car is in motion. Future analysis will need to take into
account the spacecraft velocity to more accurately calculate the flux enhancement at a given pitch
and yaw.

Equipped with a description of the M1 MM environment and the enhancement factors,
we can calculate the return period, the reciprocal of the rate, of particles impinging the surface.
The rate of MM impacts on a telescope is estimated as

C = p(m)f(6)3 D, ™
where @(m) is the micrometeoroid flux and Dr s the telescope diameter. For SALTUS, the diam-
eter of the primary reflector is 15 m, the MM flux, ¢(m), is represented by the Griin flux, and
fis the model correction factor for non-isotropy of the flux.

We take the inverse of Eq. (7) to analyze the return period for impacts above a mass threshold
size. The results of this calculation are shown in Fig. 23. Particles with m < 1078 g impacting
may be problematic, depending on their effect on the telescope as they impact about once
per hour.

3.3.3 Deformation of the surface

Now that we understand how often we anticipate impacts for any given size, we need to under-
stand how these impacts may deform the surface. As M1 is inflatable, the deformation of the
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Fig. 23 Rate of micrometeoroid impacts above a given mass threshold, the isotropic Griin flux
(solid black trace), 2x Grun flux (dash-dot blue trace), and 3x Grun flux (dash-dot-dot green trace).

surface will involve compression of the gas. We approximate the initial shape of M1 as a sphere.
We treat the gas as ideal, assume that the temperature and number of moles remain constant
during the interaction, and assume that all kinetic energy of the particle goes into compression
of the gas as a bounding case. Figure 24 shows the kinetic energy of a particle with mass m
striking M1 for various velocities. Equating the particle kinetic energy and the work done on
the gas gives

%mvz = /ﬁ-d?. (8)

The work done on a gas under isothermal conditions is expressed in terms of the volume
change as
- - Vf
F-dl=—nRTn v ) ©)
i

T -
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Fig. 24 Kinetic energy of micrometeoroids impacting M1. The black line depicts the chosen veloc-
ity of 35 km/s for all particle masses. The dotted cyan and magenta lines show the approximate
upper and lower bounds of kinetic energy, respectively, for the full range of micrometeoroid
velocities (5 to 70 km/s).
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where 7 is the number of moles in the gas, R is the gas constant, T is the temperature of the gas,
and V; and V; are the final and initial volumes of the gas, respectively. Substituting this into the
previous equations results in

1 Vv
3 mv* = —nRT In (7f> . (10)

As we are interested in understanding the deformation of the M1 shape, we rearrange the
above equation to solve for the final volume as

Vf _ Vie—mvz/ZnRT. (11)

We quantify the deformation in shape by calculating the change in radius due to the impact.
The resulting radius after compression is

R SAAR 12
F=\az) - (12)

For M1’s volume, n = 1.6 mols. Figure 25 shows the change in radius for an impactor with
mass m and velocities of 35 (solid trace) and 70 (dashed traces) km/s. The three traces for each
velocity correspond to different temperatures of M1. The horizontal dash-dot-dot trace is a
change in the radius of a part in a thousand, our canonical tolerance. This can occur for particle
masses greater than 1077 g for v = 70 km/s and 10~ for v = 35 km/s. From Fig. 23, we see
that particles of this mass are expected less than once per day, even with directional enhancement,
and should not have a significant impact on science operations.

We compare the radius displacement to the behavior of a spring to understand how the
rigidity of M1 compares with other telescopes. We equate the work done on a spring to compress
it a distance AR to the work done to compress the gas

1 14
Ek(AR)Z = —nRTIn (7’“) (13)
where k corresponds to the spring stiffness. Solving the above equation for k gives
k=—-———=In(—). 14
() ”

Figure 26 shows M1’s equivalent stiffness to different particle masses. For comparison, mir-
ror elements of the JWST have a stiffness range of 10° - to 10’ N/m. M1 exhibits a comparable
stiffness for particles with masses up to 10~ g, after which the effective spring constant is below
the currently used telescopes.
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104 /é
1075
10 27
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108 - Py
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10-124 Arlr=0.001

10-12 : . T - : . T T T T T
101 10-% 10-'* 10-'2 10-'' 10-* 10-° 108 10~ 106 105 10-¢ 103
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Fig. 25 Change in radius of M1 if all kinetic energy of an impacting particle goes into compressing
the gas. Particle masses above 7 x 10-® g change the radius by more than 0.1%.
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Fig. 26 Effective spring constant, k, if compression of M1 is modeled as a spring.
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Fig. 27 Increase in pressure of M1 if the impacting particle’s kinetic energy is assumed to go into
compressing the gas. The red dotted line denotes the pressure tolerance of M1. This pressure
tolerance is exceeded for particle masses greater than ~10-5 g.

We also think about the compression effect in terms of pressure. As we set the number of
moles and temperature to be constant, the final pressure is expressed as

PV,

P
7
Vi

as)

Figure 27 shows the change in pressure due to a particle impact of a given mass. The red
dotted line indicates the pressure tolerance of M1, 0.001 P,. The pressure tolerance is exceeded
for particle masses >2 X 107 g for v = 70 km/s and 8 x 10~> g for » = 35 km/s; for these
particles, the return periods are longer than a day, indicating no serious impact on the optical
performance.

3.3.4 Optical impact of punctures from micrometeoroids

Section 3.3.3 describes potential disturbances to M1 from non-penetrating or elastic collisions.
The current section deals with penetrating, non-elastic collisions that occur when the particle is
above the ballistic limit. The aftermath of such collisions are wounds in M1. These wounds are
interruptions in the optical surface and the inflatant gas containment; the former are optical
imperfections, and the latter are sources of gas loss. Most of the impact holes are smaller than
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the SALTUS operating wavelength and therefore will not impact optical performance in any
significant way. The holes in the reflective surface appear as small reflective losses and look
like particles obscuring the surface. At the end of life, this fractional area of the holes is
~107*, somewhere between MIL-STD-1246 Class 70 and 300, depending on slope, and is still
a very clean optical surface in any regard.*’ The analysis of gas losses from these holes is given in
Sec. 3.4.3.

3.4 Inflatant Longevity
This section examines the reasons for consumption of inflatant, one of the two consumables in
the SALTUS flight system, the other being propellant.>* Our discussion of how the total inflatant
needs of M1 are calculated is a bounding argument and not a precise inflatant usage calculation.
The goal of our present argument is to show that the planned 200 kg reservoir of inflatant will last
at least 5 years and maybe out to 10 years, not that it will be exhausted at a specific hour.
The four sources of inflatant loss are permeation through the membrane, effusion through
MM-induced holes, venting of excess gas when moving from a cold attitude to a hot one, and
valve and fitting losses. Each one is examined in turn, and at the end of this section, the lifetime is
examined collectively under a variety of parameter arrangements to demonstrate the robustness
of the longevity of the inflatant inventory.

3.4.1 Permeation of the membrane

The permeability of gases through polymeric material varies widely as a function of the permeant
gas species, the membrane material, and especially temperature.***> Here, we consider the case
of helium permeating through a polyimide membrane at 45 K, the “hot” end of the M1 operating
temperature range. Data on the permeability characteristics of noble gases through Kapton® film
can be found in Schowalter et al.*

The permeation rate is given as

A
0=K 7 AP, (16)
where Q is the number flow rate, K is the permeability, A is the surface area, d is the membrane
thickness, and AP is the pressure differential of the permeant gas across the membrane (here,
simply the gas pressure within the reflector). The temperature dependence of the permeability is
given as

E
chexp(—ﬁ), a7
B

where Eg is the energy of permeation.

The permeability for helium determined by Schowalter et a
K =8x10"1" cm®> @ STP mm / (Torrcm?s).

For a pressure of 5.1 Pa, a membrane thickness of 12.7 yum, and a membrane area of
350.0 m? (corresponding to a physically inflated diameter of 15 m), the mass loss rate through
both faces of the SALTUS M1 would be ~0.085 kg/year, or 85 g/year, at the assumed gas tem-
perature of 45 K. It can be concluded that the gas loss via permeation is insignificant.

1.* for a temperature of 22°C is

3.4.2 Micrometeoroid-induced losses

The holes created by MM impacts are an inevitable fact of life for gossamer systems such as M1.
As aresult, we must mitigate against the gas loss through a sufficiently large reservoir of replace-
ment inflatant. To understand the problem, we first derive an expression of how M1 will lose
inflatant mass with time. With the initial result, we determine the pressure corrections needed to
maintain M1’s shape (constant volume) over short and long time periods. Later in this section,
we discuss the formation of penetration wounds in M1 to determine the rate of increase in the
hole area and its implications for inflatant loss over the mission lifetime.
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Determination of effusion rate from M 1. 1If a container of volume V has N molecules of
molecular mass m inside it at temperature 7, their velocities are given by the Maxwellian dis-
tribution. The average number of collisions J over an area A of gas against a container wall is
found by integrating over the angle and velocity and is a classic textbook problem in the kinetic
theory of gases.*® J is given by

N [8kgT
J=— . 18
4V VNV am (18)
The ideal gas law is
PV = nRT, (19)

where n is the number of moles in the container and n = N/N,, N, is Avogadro’s number, and

P is the pressure. Solving Eq. (19) for N/V gives
N PN
A (20)
Vv RT

Substituting Eq. (19) into Eq. (18) gives
PN, [kgT
=—1/— 21
! RT V 2zm @h

N3kgT
2xmR*T?*

Equation (21) simplifies to

J=P 22)

Recalling that the universal gas constant R and the Boltzmann constant are related by

Avogadro’s number, R = N kp gives
J=P ! (23)

J is in collisions/area/time, so to get the rate of mass lost, 7iz = (dm/dt), due to a hole of area
A, J is multiplied by A, and the mass per molecule m results in

| M
= JAm = —PAy | ~———— 24
= 27N kT @4

where A is the area of the hole, M is the molar mass, kp is Boltzmann’s constant, 7'is the temper-
ature, and m = M /N 4. The total mass contained in M1 is described in terms of the moles, n, as

m=nM. 25)
Substituting Eq. (25) into Eq. (24) gives

M
AM = —PAy [~ 2
" 2aNkyT (26)

Cancelling the factor of M in Eq. (27) and making the time derivative explicit result in

dn 1
—=—PA{ |7 27
dt 2aNkgMT @7

We know that the total area A of the holes caused by the MM environment is essentially a
linear function of the elapsed mission time, S, so A is written as

A=as, (28)
where A is the time-dependent area lost to penetrations and a is the area lost to MM impacts per

time. Substituting Eq. (28) into Eq. (27) yields
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dn 1
B Y s — 2
dr S\ | Nk MT 29)

Using the ideal gas law, we substitute for pressure in terms of the other gas variables, giving

d RTaS 1
a_ _ntia . (30)
dr v\ 2aNkzMT

Equation (30) simplifies to

dn RaS T
—_— = —-n— S E— 1
at ~ "V \ 2aNkeM D

It is important to note here that, for the timescale in which we are operating (the time
between pressure corrections), there will be little change in S, V, and T. Therefore, although
S, V, and T are functions of time in the long term, we treat them as constant for the purposes
of solving Eq. (31) for the short time behavior. Equation (31) is a separable differential equation
with constant coefficients, and its solution is

_fRas /T
n(r) = n(0)e "V V70 (32)
The characteristic time 7 of this exponential decay is

V. [2zNkzM

“Ras\ T (33)

T

A key point in our analysis of Eq. (33) is the appearance of the M1 elapsed mission time, S,
in the denominator. This means that the time to sense and correct any deficits in pressure becomes
shorter as the mission goes on and more area is opened up. Equation (32) is rewritten using
Eq. (33), resulting in

n(t) = n(0)e~. (34)

A key operating parameter is the time for the gas to leak to the point at which P is out of
tolerance, namely, P(7) = P — 6P. To determine the time between injections of gas to maintain
pressure, we write SP(r) as

_ n(0)RT  n(t)RT

op(n) =" 2 (35)

Factoring out common terms and using Eq. (34) result in

_ n(0)RT e

6P(1) = (1 " ) (36)

Equation (36) is rewritten as
5P(1) = P(0) (1 - e—%). 37)

Solving Eq. (37) for ¢ gives

1
tzrh(w). (38)
I=7@

Substituting the definition of Tt from Eq. (33) into Eq. (38) gives

e V  [2aNkzM n 1
" RaS T 1—22 )

(39
P(0)
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With 6P <« P, Eq. (39) is linearized, resulting in

i \/ZJTNkB-lV\/M 5P 20
=" ®r sa\TPO) (40)
The timescale for adding gas to M1 will be determined by design choices for mission life-
time (S), the geometric properties of M1 that define the volume, V, the environment that defines a,
inflatant species (M), our pointing attitude (7), and error budget allocation (6P/Py).
We now turn our attention to calculating the total gas needed over the mission lifetime, S.
We previously defined the cumulative hole area due to impacts as a linear function of time, S,
which is written as

A(r) —AAlt/gb(w)ﬂ(%)Zdw, @1

where « is a constant that relates the size of the hole to the size of the particle, A, is the surface
area of M1, ¢ is time, and the @(w) represents a function describing the micrometeoroid flux as
a function of size (diameter). Equation (41) assumes that the hole made in the membrane is
circular. Equation (41) is rearranged to give

A(r) = t(AMIKZ)%/d)(W)WZdW. (42)

In Eq. (42), the time dependence is the first term on the right side, the parenthetical term is
the design-dependent term, and the area and the size of the damage hole (assumed constant with
size and energy) are the numerical term and the integral term, respectively, and are dependent on
the natural environment. Associating the constant term in Eq. (43) as a, we write the time rate of

mass loss as
dm b3 M
= —tP(A k)= | —— 2dw. 4
=P ] g [ B 3)

As complicated as Eq. (43) looks, it is very simple, that is

dm_
dr

[ m
0= P(AAIKZ)% SeNKT / P(w)wdw, 45)

with a bounding lower value used for 7. In Eq. (45), all of the terms except x and f d(w)w?dw are
known and constant. The impact of the collision, the magnification, and the wound caused by a
particle of size d that enters Q as x” are determined by hyper-velocity testing. The integral term is
a property of the environment. The total inflatant mass needed is given by

—-tQ, (44)

where Q is given as

s
Mgas = / QOrdt, 46)
0
which trivially integrates to
Q
Mgas = ESZ. 47)

Equation (47) clearly shows that the inflatant gas mass is proportional to the square of the
mission length, S

Area of M1 lost to micrometeoroid penetration. When an MM exceeds the ballistic
limit and penetrates a membrane, such as M1, a wound results on both layers of the lenticular. As
described previously, we seek a bounding analysis of inflatant consumption. The goal of this
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section is the bounding analysis of the impactor wound area and its effects on inflatant
consumption.

In the previous section, we showed that the mass loss rate depends on many variables; some,
such as pressure, temperature, and gas species, are easy to comprehend. The total area of pen-
etration or total wound area is much harder to grasp with simple physical intuition. The evolution
of the wound area over mission life must be estimated conservatively to make a robust assess-
ment of the lifetime of an inflatable system necessary for the viability of the SALTUS mission
concept.

We recently reported on the propagation of MM in gossamer structures giving a predictive
model of fragmentation.*” An even more recent report gave a further experimental examination of
fragmentation and penetrations of gossamer systems and provided further insight into this com-
plex problem.*®

The impact of an MM on a series of gossamer layers is shown schematically in Fig. 28. The
image shows the clean initial penetration and fragmentation of the impactor and the propagation
of fragments creating exit wounds.

Figure 29 shows micrographs of recent hypervelocity tests and demonstrates the experimen-
tal evidence of fragmentation of a large impactor. The entrance wound is a clean circular wound,
and the shock from the collision shatters the impactor into fragments that follow a power law
distribution. Each of the fragments from the collision with the first surface shatters at the second

(OASISEN-001b

Entrance Exit
wound I wounds

Entrance Exit Entrance Exit Entrance Exit
surface surface surface surface surface surface

() (c)

Fig. 28 Fragmentation on propagation in gossamer structures from Ref. 24. (a) Micrometeoroid of
diameter dO incident (b) Entrance wound kd0 diameter and initial impactor has fragmented (c) exit
wounds left by fragments.

() (b)

Fig. 29 Entrance and second layer damages from Ref. 40.
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surface, each one into a power law, with the largest particle decreasing in size and the slope
becoming steeper. This process of sequential fragmentation has been discussed recently.*’

The recent tests carried out involved many layers of different materials and impactor veloc-
ities to collect data for other goals and to further validate our recent propagation model. Examples
of the typical results are shown in Figs. 30 and 31. Figure 30, which is a test of typical ¥2 mil thick
polyimide layers, has the same material used for the development of the propagation model.*’

One of the materials recently tested and reported was a %2 mil thick layer of a composite
nature, which is significantly more damage resistant, as shown in Fig. 31.* The distribution of
fragments indicates a smaller maximum particle size and steeper slopes indicative of much less
wound area on the membrane. This indicates that modern materials and proper selection can play
a role in minimizing MM damage and increasing mission life.

One of the key results of our recent work?” was the calculation of the specific area lost for
various membrane thicknesses and numbers of layers for the entire flux of impactors. The esti-
mate of the specific area loss rate in units of cm?/m?/year denoted as A for the baseline %2 mil
polyimide material is the basis of our damage area estimation.

Creep can affect the determination of the overall wound area. A simple model of this effect is
an increase in wound area with time. Let us call the increase in area with time y and furthermore
assume that creep is constant in time.*’ The linear estimation of creep provides a clear upper limit
to this effect as creep at a given load and temperature is explicitly a monotonically decreasing
function of time. The resulting overestimation of the impact of creep also provides a clear
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Fig. 31 %2 mil strengthened laminate.
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bounding case. The linear approximation also makes the calculation easier to follow. Our simple
(and bounding) model of the hole area at time interval k including creep is written as

Ax=a(l+yk-1)+a(l+y(k-2))+... +a, (48)

where A, is the total area at the k’th week and a is the area generated in a time interval.
Equation (48) is more compactly written as

k-1
A= a(l+jy). (49)
=0
Equation (49) expands to
k=1
Ap=ka+ya) ] (50)

=0
Using the well-known formula for the summation of an arithmetic series, Eq. (51) becomes

k(alk—1)+a)

Ay =ak+y 2 , (618

and with simplification, we arrive at

k2
Ak :ak—!—ya? (52)

The term a is the rate of increase in the hole area per time interval. For our current analysis,
the time interval is a week and is written as

A
=2Ay —, 53
a M1 35 (53)
where Ay is the physical area of M1 and the factor of 2 is included as there are two membranes

in M1. Substituting Eq. (53) into Eq. (52) gives

2
The inclusion of the impact of creep [Eq. (54)] in the analysis that leads to Eq. (47) will
introduce a term proportional to the cube of mission time, S.
At low temperatures of ~45 K, the maximum operating temperature for M1 creep is
expected to be nil*’ and can be easily tested early in the program before making a choice of
the flight membrane material.

Pitch (Deg)

Roll (Deg)

Fig. 32 Map of peak M1 temperature.
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3.4.3 Cold to hot pointing losses

The temperature of M1 will change due to the differences in solar illumination as the spacecraft
attitude changes over the FOR. As we want the shape of M1 to remain static, we need to design
for adjustments in the gas during these events. We calculate the difference in moles of inflatant
needed to maintain M1 at constant pressure and volume as the gas temperature changes from hot
to cold, or vice versa. The ideal gas law under these conditions gives

PV
nl =—, (55)
R
where n is the number of moles, T is the temperature, P is the pressure, Vis the volume, and R is
the gas constant. We then describe the change in our initial conditions to our final conditions as

Rearranging Eq. (56) gives
n;T;
=—. 57
ny T, (57

We define ny in terms of the adjustment or change in the number of moles needed as
ny = n; + An. (58)

Substituting Eq. (58) into Eq. (57) gives
n;T;

= n; + An. (59)
f
The solution of Eq. (59) results in
T.
Aan =100 (60)
Ty
T. nT
An =t TS (61)
Iy Ty
and finally
(T =T
An = Lf) (62)
Ty

From Eq. (62), we can see that, when SALTUS points from a cold to a hot attitude T >T
An <0, and gas must be released from M1.

The flux and impact velocity of the MM will depend on cos 6, where 0 is the angle between
the surface element’s normal and the sun vector. The sun vector in the body coordinate frame is
given as

5= (cos f3 cos y,—sin y,sin f3) (63)

where f is the solar pitch and y is the solar roll. We then calculate cos 8 using the dot product of
the sun vector and sunshield normal, to give

cosf=n-s (64)

and calculate the temperature of M1. Figure 32 gives a map of the M1 mean temperature as a
function of pitch and roll.

Equation (62) shows that An is negative if T, > T}, a cold to hot pointing change. Figure 33
evaluates Eq. (62) over the full range of possible pointings (temperatures) given an initial point-
ing (temperature). The three initial pointing conditions are the three panels in Fig. 33: the coldest
pointing, 20 deg pitch, =5 deg roll; an attitude near the middle of the FOR, + 15 deg pitch,
0 deg roll; and the hottest pointing, O deg pitch, 0 deg roll. For the coldest pointing, the leftmost
panel, every other pointing attitude requires venting of inflatant, a maximum of 0.025 moles.
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Fig. 33 Contour plots of inflatant that must be vented to reach P, when moving from the initial
pointing to any other point in the FOR,; the initial point in panel (a) is +20 deg pitch, +5 degroll; in
panel (b), + 15 deg pitch, 0 deg roll; and in panel (c), 0 deg pitch, 0 deg roll.

For the middle pointing, a move to a lower pitch value requires venting, a maximum of
~0.017 moles, and moves to greater pitch angles require no venting. When the initial pointing
is at the center of the FOR, the hottest point in the FOR, all other attitudes are cooler and require
no venting upon repointing.

3.4.4 Valve losses

Valve losses, both internal and external, are given by the manufacturers and are standard mea-
sures of performance. For a conservative estimate, we assume that all valves leak for the entire
mission, and we assume that the amount of mass loss is the sum of the internal and external leaks.
This is truly conservative as the internal leak will end up in M1 and simply lower the amount of
gas that the ICS injects. We, therefore, ignore this complication for this bounding estimate. The
internal and external valve leak rates are taken from the manufacturer’s catalog and are repre-
sentative of this kind of hardware.

3.4.5 Inflatant lifetime net assessment

As described above, the net use of inflation comes from four main sources, each with their own
complications. In this section, we report on the sum in a maximum use case, which in some sense
is not completely physical or case consistent but is constructed to show that, even in this worst
case, the inflatant will last 5 years and meet mission life requirements. Under more realistic
conditions, the gaseous helium reserve will last all 10 years of the expected extended mission.

For the purposes of the current analysis, we define three cases: the least consumptive case
(LCC), the current best estimate (CBE) (of conditions), and the most consumptive case (MCC).
These cases will help bound inflatant usage and show that the baseline design will last at least the
5 years required under the most pessimistic case and is very likely to last all 10 years of the
potential extended mission. The most optimistic conditions include easily imagined increased
shielding, [/ included with the stiffening mesh in the truss, and protecting the back of M1.
Our analysis shows how effective it might be, but this additional shieling is not part of the
SALTUS design at the time of this writing. The LCC temperature of 25 K was chosen for its
better sensitivity and impact on science, rather than for lifetime only. Later in this section, we
relax that assumption; see Fig. 36. For conditions, we assume that SALTUS incurs maximal
venting going from cold to hot attitudes. The rate of the venting is determined by the observation
period for each set of conditions shown in Table 2. We assume that the attitude goes from hot to
cold and then cold to hot, so this venting penalty is incurred every other observation, with the
period determined by twice the observation length.

Figure 34 shows the amount of inflatant for the four consumptive terms under the MCC
conditions. The largest consumption is from micrometeoroid holes, followed by the extra con-
sumption caused by creep. As noted, before, at the operating temperatures, this is quite unphys-
ical and is included to make a true MCC or worst-case analysis. The cold to hot venting and valve
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Table 2 Definition of operating conditions, most optimistic, best estimate, and most consumptive.

Least consumptive Current best Most consumptive
case (LCC) estimate (CBE) case (MCC)

Temperature (K) 25 37 25

A [cm?/m? /year] 1.6x107° 1.6x10°° 32x10°6
Creep (/week) 10-6 1076 0.001
Shielding 0.6 0.15 0

Mean observation length (h) 4 4 2
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Fig. 34 Inflatant consumption MEV.

losses are very small but visible. Figure 34 clearly shows that the inflatant will last 5 years and
will be exhausted ~9 years, well past requirements.

Figure 35 shows the time-dependent usage of the inflatant in the CBE conditions. The order
of consumption is the same, except for creep, which is effectively nil. Under this more realistic
set of conditions, the inflatant will last all 10 years.

250

—_—— Valve Leak

— — — —  Cold to Hot Venting
—————— Micrometeoroid Losses
200 1 Hole Creep ....................... —
—— Total Mass Lost

— Tank Capacity

150

He Mass (kg)

100

50

Mission Elapsed Time (Years)

Fig. 35 Gas consumption CBE.
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Fig. 36 Inflatant requirements for LCC, CBE, and MCC cases over M1 temperatures from
25 to 45 K.
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Fig. 37 GHe lifetime for CBE and MCC conditions over M1 temperature from 25 to 45 K.

The readers can appreciate from our results that inflatant consumption is a complicated
performance space depending on many parameters. To give the readers more insight, consider
Figure 36, which shows the necessary amount of gas for the required 5-year mission and the
possible extension to 10 years for the LCC, CBE, and MCC cases. One of the most influential
variables in gas consumption is 7. T'is varied from 25 to 45 K, and it is clear from Fig. 36 that, in
all cases, the minimum required lifetime of 5 years is met and exceeded.

To give further insight into the endurance of the inflatant inventory, the lifetime as a function
of M1 temperature was calculated. For LCC and all temperatures considered, the lifetime of the
helium was longer than 10 years. The results for the CBE and MCC conditions were explicitly
calculated and are plotted in Fig. 37. This figure clearly shows that, for any M1 temperature, the
minimum requirement of 5 years is met and that, under CBE conditions, the inflatant is likely to
last at least 9 years, and for T > 37 K, a 10 year or slightly longer will result.

4 Planned Development Activities

Achieving TRL6 requires a demonstration of the performance of a relevant prototype in the
proper environment. The chosen 8-m article is the relevant prototype as it allows us to complete
the necessary testing before PDR as required within program funding and cost constraints. To
achieve TRL6, we must demonstrate that M1 can be constructed with the necessary precision,
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Table 3 Tests on the SALTUS inflatable reflector articles.

Test 8M EDU 14M Qual 14M Flight
Surface measurement on support Yes Yes Yes
Packaging and deployment Yes Yes Yes

without AstroMesh

Inflation Yes Yes Yes
Ascent-vent Yes, at flight condition Yes, at flight condition Yes, at flight condition
Thermal cycling Yes Yes

Packaging and deployment Yes, at NASA Glenn NATF No No

under vacuum

Packaging and deployment Yes Yes Yes
Random vibration Yes Yes, at qual level Yes, at accep. level
Surface measurement Yes Yes Yes

stowed, deployed, and inflated, and maintained in a relevant environment. Thus, a series of tests
shown in Table 3 are planned to verify the design and inform subsequent development articles.
The precision of the M1’s shape is determined by the tolerances on the cutting of the gores and
their seaming and is proportional to the size. To demonstrate sufficient accuracy at the flight
scale, the 8-m development article will have gore and seam tolerances 8/14 of the flight values
and a similar optical prescription. When demonstrated, the results from the test of the 8-m article
will show that an acceptable 14-m M1 can be manufactured. The 8-m article will be installed in
the 9-m “IRAD Reflector AstroMesh™.,” a capital asset of Northrop Grumman, to demonstrate
the ability to integrate, stow, deploy, and survive deployment environments at the reflector/truss
level. These deployment tests will allow for multiple stow and deploy cycles and validate artic-
ulation margins and stowing procedures. Furthermore, a flight-like stow and environmental test-
ing will show that we will not permanently crease M1. The deployment and inflation of the
development M1 will demonstrate the reflector to truss interface.

After testing at Northrop Grumman’s Oxnard facility, the 8-m reflector (M1 development
article), the development ICS, and optical metrology equipment go to NASA’s Neil Armstrong
Test Facility (NATF) in Ohio. At NATF, the 8-m test article will be integrated into a ground
support equipment support ring and inflated via the ICS (per Table 4) at atmospheric pressure
and room temperature, to various pressures around the 5.1 Pa (gauge) and with several gases
(gravity sag) and the shape measured. We will also tip the GSE interface ring at a few angles to
provide a diversity of gravity environments. The 8-m reflector will then be placed in the envi-
ronmental chamber—this is another reason to select the 8-m size as it will fit in the chamber.
The air will be removed from the chamber in steps, allowing for shape measurements at various
atmospheric pressures. After reaching the vacuum, the temperature will be lowered via the LN,
shroud. A GSE heater plate will simulate the radiant load from the sunshield, and the heater
plate will have several independent zones so that the gradient across the test reflector can be
varied. Data from these tests will validate the thermal and distortion models. Each of these test
conditions provides a unique test environment in terms of temperature, pressure, and gravity.
Shape and other telemetry such as ICS sensor data will be compared with predictions and the
shapes compared with an a priori established performance requirement. The data collected will
also be used to update and validate the design models. At this point, M1 will be at TRL6.

These experimentally validated design models, for gravity, temperature, and pressure and
pressure control, will be used to design the 14-m M1 units. M1 will be measured in various
stressing environments to show compliance with requirements in the test environments that are
consistent with flight performance. At this point, M1 is at TRL7.
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The existence of the set of validated models for all relevant environments and environmental
changes allows for the verification of the flight M1 shape via measurements in a factory
environment.

5 Summary

We have presented the mission-enabling element of SALTUS, namely, its large inflatable pri-
mary reflector, M1, and the reasoning behind our confidence in being able to realize this game-
changing optic. We have reminded the reader that inflatable systems are not a novel idea. The
novelty in M1 is its accuracy, built on advances in manufacturing, and its longevity, estimated
from extensive micrometeorite analysis and experiments. We have discussed the design process
and solution to the problem of cutting and seaming two-dimensional gores to make an accurate
near-parabolic shape. We have also given the analysis of how M1 will function in its environment
and how the design mitigates these responses. The sufficiency of the planned inflatant inventory
has also been demonstrated to be robust, meeting the minimum 5-year mission under worst-case
analysis. Finally, we give an overview of the specific development and testing planned for M1 to
deliver a high-performance primary for SALTUS.

Taken together, this is why the time is right to bring M1 into operation, powering a revo-
lution in far-IR science and living up to the promise of the mission’s name. We and the rest of
the SALTUS team are ready to make this great leap.
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