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ABSTRACT

The Active Cooling for Multispectral Earth Sensors (ACMES) is a 12U CubeSat mission selected for
flight under the In-space Validation of Earth Science Technologies (InVEST) Program in support of
the NASA Science Mission Directorate. The NASA InVEST Program validates new technologies in
space prior to use in future Earth science missions. ACMES will simultaneously validate two new
technologies, each representing an important advance in satellite remote sensing capability for Earth
science. The first technology is the Active Thermal Architecture (ATA); a complete end-to-end
solution for active thermal control of cryogenic instruments on nano satellites. The second technology
is the Hyperspectral Thermal Imager (HyTI ), that captures both high spectral and spatial long-wave
infrared images using a spatially modulated interferometric imaging technique. ATA will be used to
manage the cryogenic thermal environment for HyTI allowing continuous operations over land.
ACMES also includes two student technology demonstrations, the Filter Incidence Narrow-band
Infrared Spectrometer (FINIS) and the Planer Langmuir/Impedance Diagnostic (PLAID). FINIS is
a highly sensitive instrument for detection of methane while PLAID is a novel low-impact high
precision instrument for observing both the space environment and spacecraft charging. The ACMES
mission is being led by Utah State University and implemented by Orion Space Solutions with a
delivery for launch in 2024.

1 INTRODUCTION

CubeSat cryogenic technology has been enabled by the development of miniature Stirling and pulse
tube cryocoolers. These devices weigh about 400g and have lifetimes exceeding two years [1].
Cryogenic, optical instruments operating in the medium wavelength infrared (MWIR) and especially
the long wavelength infrared (LWIR) require a mechanical cryocooler to cool their focal plane
detectors and key optical components to operational values. Eliminating the cryocooler waste heat
on a CubeSat using only passive techniques is challenging. The waste heat of the 10-to-30-watt
cryocooler and the relatively small volume in which it is produced along with the limited surface area
of the CubeSat has resulted in mission concepts in which the instrument can only be operated ~2%
of the time. These thermal difficulties were encountered during demonstration missions of the NASA
In-space Validation of Earth Science Technologies (InVEST) Program. The NASA InVEST
Program, part of the Earth Science Technology Office, validates new technologies in space prior to
use in future Earth science missions. Both the University of Hawaii HyTI and the JPL CIRAS
InVEST missions as well as concept studies for the JPL EON-IR mission made use of miniature
cryocoolers in support of LWIR instrumentation. These CubeSat programs have shown that the LEO
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environment is generally too warm for traditional passive conduction and surface radiator approaches
given the power and thermal demands created by the cryocooler and LWIR instrument. Constraining
the instrument operating time is acceptable for an instrument concept demonstration but is not
acceptable for a science mission where the goal is to operate nearly continuously [2,3].

The ACMES mission was selected for flight under the InVEST program in support of the NASA
Science Mission Directorate to demonstrate thermal control technologies for high power CubeSats.
The goals and objectives for the ACMES mission are:

Primary Goal: Enable the operation of cryogenic optical instruments on CubeSats.
e Demonstrate the Active Thermal Architecture (ATA) technology in the space environment.
e  Demonstrate on-orbit the active thermal control of a cryogenic instrument.
e  Demonstrate on-orbit the thermal control of a high-power CubeSat.
Secondary Goal: Provide LWIR observations of the Earth’s surface.
e Effectively operate a multispectral sensor as if it were part of a scientific mission to observe the land
masses of the Earth for one year.
e Demonstrate the effectiveness of non-mechanical scanning multispectral sensor technology.
Tertiary Goal 3.0: Create opportunities for students to contribute to NASA’s work in exploration and science.
e Provide work and research experiences that enable students to contribute to the ACMES mission.
e Inspire students to contribute to NASA’s work in exploration and science.

The ACMES mission will be implemented using a 12U CubeSat as illustrated in Figure 1. The
ACMES mission will demonstrate a miniature pumped fluid loop, called Active Thermal
Architecture (ATA), to address the engineering difficulties of high-power payloads on CubeSats.
ATA will be used to maintain the operational temperature for a second generation HYTI cryogenic
hyperspectral imager. The waste heat of the mechanical cryocooler is removed with a pumped fluid
loop to an external radiator. The development of the ATA miniature pumped fluid loop has been the
subject of continued research for over five years by Utah State University and NASA JPL under
grants from the NASA Small Spacecraft Technology Program to mature the technology [10,12,15].
The ATA approach of heat lifting by a combined active thermal system and a cryocooler supports a
diverse set of scenarios of future cryogenic instrumentation on CubeSats.

120 W (Peak) Solar Panels

Single-Axis Tracking

NADIR Deployable ATA Radiator
Figure 1 A conceptual drawing of the Active Cooling for Multispectral Earth Sensors spacecraft. The mission is
a technological demonstration of the Active Thermal Architecture consisting of a mechanically pumped fluid
loop supporting the thermal control of the HyTI, FINIS, and PLAID experimental science instruments.
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2 Active Thermal Control

ATA, see Figure 3, is a mechanically pumped fluid loop topology to support high power payloads
and the bus-wide thermal management of CubeSat’s and Small Satellites [9, 10]. The ATA utilizes a
centrifugal micro-pump to circulate a low viscosity, single-phase, thermal heat transfer fluid between
an internal heat exchanger and an external deployable (tracking) radiator. The ATA integrates as a
1/2U subsystem internal to the spacecraft and leverages modern advanced fabrication techniques such
as 3D ultrasonic additive manufacturing to embed the working fluid channels directly into the heat
exchanger and external radiator, See Figure 2. The additive manufacturing helps to miniaturize and
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Figure 3 A concept of operations diagram for the Active Thermal Architecture supporting a miniature
cryocooler.

simplify the ATA flow paths and greatly improves the thermal performance of ATA by eliminating
joints within the pumped fluid loop [11]. The ATA relies on flow throttling (variable convective heat
transfer) to actively control the internal temperatures of the satellite. A tuned PID controller
dynamically varies the flow rate and sets the angle of the deployed radiator to maximize the dissipated
thermal power and maintain the heat exchanger setpoint temperature [ 12]. An integrated guard-heater
is used to supplement power and keep the ATA system warm during cold biased operations. The
ATA’s mechanically pumped fluid loop creates a direct high-efficiency, high-conductivity pathway
between the satellite and the external radiator.
Miniaturized fluid loops like the ATA system
maximize heat transfer and isothermality, while
providing a flexible and controllable method of
satellite thermal control and management.

The heart of the ATA system is the TCS M510 micro-
pump. The M510 is a long life, low power, high flow
centrifugal pump. It is based on a can design,
meaning that the M510 does not have any dynamic
seals. This greatly improves the vacuum
compatibility, performance and life of the pump. The
M510 provides flow rates between 100 and 400
mL/min at powers less than 3 W. The ATA features
a miniaturized custom rotary fluid joint & hinge | Figure 2 A CAD model of an Active Thermal
assembly in a two-axis design. A continuous rotary | Architecture mechanically pumped fluid loop
union and a geared micro-motor allow for continuous ;r:lt;irtz:.ed heat exchanger and external
rotation and tracking of the deployed radiator, while i
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a second fluid hinge coupled with a
contorque  spring  deployment
mechanism allow for one time
deployment of the radiator away
from the surface as needed. These
two technologies can be mixed &
matched to form a variety of
dynamic systems including two-
axis tracking, foldable radiators,
and door-hinged radiator designs.
Figure 4 shows an ATA two-axis

rotary fluid joint/hinge. The ATA | Figure 4 The compact ATA rotary fluid joint (Left) and (Right) a
requires a dedicated gas secondary axis fluid joint with a contorque spring deployment
mechanism mounted above the rotary joint.

accumulator. The accumulator
compensates for thermal
expansion/contraction of the working fluid and provides a reservoir for long-term fluid losses. The
ATA accumulator is a sealed piston design with a nitrogen gas pre-charge which is matched to the
volume and temperature requirements of ATA application. The ATA system features both static and
dynamic soft O-ring seals. These seals offer the advantages of compact design and rapid fabrication,
as well as dynamic movement. However, careful design and operation is required to seal failures and
eliminate leaks. The ATA system has been General Environmental Verification Specification
(GEVS) and helium leak tested to better than e atm cc/sec. The ATA working fluid is 3M’s Novec
7000. A low viscosity, thermally stable dielectric heat transfer fluid. N7000 is a non-toxic, safe fluid,
and has a low-ozone depletion potential, which makes it an ideal replacement for traditional heat
transfer fluids [13, 14, 15].

The ATA makes use of Ultrasonic

Additive Manufacturing (UAM)
which is a fabrication technique
that uses sequential layers of
metallic tape to create 3D
structures. An ultrasonic weld
head scrubs the layered tape
surfaces to the base material.
Ultrasonic vibration causes direct
material shearing, plastic
deformation, and interface
diffusion/recrystallization which

. Figure 5 Ultrasonic Additive Manufacturing 3D printed aluminum
causes a true contact S.Ohd'State radiators 4U (left), and 6U (right). Mixed metal designs are possible as
atomic bond to form. This process | can be seen by the copper backed aluminum radiator left.

is low temperature and is
uniquely suited for creating internal voids and embedding flow channels directly into metallic media
as illustrated in Figure 5 [16]. UAM is key to the customization of ATA to meet the specific
mechanical interfaces required for the ACMES sensors.

3 HYTI Sensor

The Hyperspectral Thermal Imager (HyTI) is both a LWIR sensor and a mission, funded by NASA’s
InVEST program at University of Hawaii at Manoa. The 6U mission hosting the first-generation
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sensor is planned for an August 2022 launch from the ISS.
HyTI will demonstrate a spatially modulated interferometric
imaging technique to produce spectro-radiometrically
calibrated image cubes, with 25 channels between 8-10.7
ym, at a ground sample distance of ~60 m. The performance
model for HyTI indicates narrow band NEATSs of <150 mK
[3]. The 3U compact form factor of HyTI, shown in Figure
6, is made possible via the use of a no-moving-parts Fabry-
Perot interferometer, and JPL’s BIRD FPA technology. The
second-generation HyTI sensor for ACMES will include a
higher density BIRD FPA and larger optics to provide a ~45
m ground sampling distance. HyTI will be focused on SO>
emissions that serve as early warnings of impending volcanic
eruptions, agricultural applications, and atmospheric
methane. These kinds of applications require high spatial and
spectral resolution thermal infrared imagery to provide both Figure 6 The first-generation HyTI
the detection and quantification of atmospheric gases. HyTI | [ WIR Instrument.

has the potential to greatly advance our ability to study
multiple Earth system processes such as crop health and water usage assessments.

HyTI includes an instrument data processing unit based on the iX5-100 heterogeneous architecture
(CPU, GPU, FPGA) for the collection and on-board data processing of the camera sensor data. The
1X5-100 occupies approximately a 1/2 U volume and provides HyTI with data transfer from the JPL
Bird FPA, data storage and data processing. The iX5-100 consumes approximately 20 W while
processing approximately 464 megabits per second (Mbps) of real-time data from the sensor [3].

4 The ACMES Satellite

The ACMES spacecraft and thermal architecture are in the preliminary design phase with the
spacecraft concept shown in Figure 1. The driving requirement is for ATA to provide 35W of cooling
at the HyTI interface while maintaining a temperature of at least 30C. ACMES is to be placed in a
sun synchronous orbit at 550 km altitude with an ascending node local time of between 10:00 and
12:00. The spacecraft will deploy one axis sun tracking solar panels to each side which are
perpendicular to the orbital plane providing ~120 W of instantaneous power. This orbit will provide
~4 years of operational mission life above 400 km and a local time drift of the ascending node of ~2
hours. The team is carrying out trade studies to optimize the thermal efficiency of the system. The
objective of these trade studies is to increase heat transfer, while concurrently reducing the overall
size and thickness of the thermal radiator.

The spacecraft bus leverages heritage Orion Space Solutions (OSS) components and the modular
design approach for the 12U design for this mission. All major subsystems will be selected based on
trade studies surveying TRL and OSS’ prior usage and applicability to this mission-specific
configuration.

22). The spacecraft will be operated out of OSS using the KSATlite ground network. Science
operations centers will be located at Utah State University and University of Hawaii at Manoa.

5 ACMES Educational Outreach

The ACMES educational element is comprised of both class work and two student instrument
technology demonstrations coupled with a scientific investigation using both hyperspectral
instruments. The Space Systems Engineering degree at Utah State University is designed to provide
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early- and mid-career professionals with post-graduate education and an opportunity to develop an
understanding of system engineering from the perspective of the space engineering discipline. One
of the key courses in this program is Space System Design where students in teams perform a space
system design involving all aspects, including technical, cost, and schedule. The conceptual mission
design is driven by an external customer who provides goals and objective and payload information.
The Spring 2022 semester course used ACMES as the design project where 25 students worked with
professionals from USU and Orion Space Solutions in developing the ACMES preliminary design.
The student technology demonstration projects are the Filter
Incidence Narrow-band Infrared Spectrometer (FINIS) and
the Planer Langmuir/Impedance Diagnostic (PLAID).
FINIS is a highly sensitive instrument for detection of
methane that was originally developed by a student team
funded through USRA in collaboration with NASA AMES.
PLAID is a high precision instrument concept for observing
both the space environment and spacecraft charging.

5.1 FINIS Sensor
FINIS detects CH4 in absorption from a solar illumined . i

scene, see Figure 7. The brightness ratio is computed in fvlv%ul«r“il\?Ig :I?SI::ﬁf;:z:sdi':%lr:ilge?lﬁ;?si de
bands where CH4 is absorbing to bands where CHjy is configuration for ACMES.
transmissive. The spectral bands are created by the incidence
angle of light on a tilted interference filter and the view angle across the scene (reference Figure 8)
FINIS effectively scans in wavelength along the methane absorption spectrum as the incidence angle
of the light changes. Typically, an interference filter with a few nm bandwidths is difficult to work
with due to wavelength de-tuning with incident angle. However, FINIS takes advantage of this
property by purposefully tilting the filter in front of a detector such that the wavelength de-tuning is
monotonically distributed across a focal plane array. The wavelength range is 1.660 to 1.666pum to
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Figure 8 (Left side) The ACMES spacecraft contains two FINIS instruments that simultaneously observe
the methane column at points A and B. (Right side) The FINIS focal plane spectrum map when viewing

reflected sunlight through a column of methane. Methane has an absorption feature at 1.666 pm where
the text indicates ‘absorbing region’, which produces the changes across the image.
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capture both a transmission and a strong absorption band of CHa4. Unlike conventional spectrometers,
FINIS has no moving parts and comparatively large photon throughput, while at the same time being
very compact.

ACMES consists of two such imaging instruments with filters tilted in the reverse direction along the
satellite’s track (see Figure 7). This allows the instrument to image the same scenes at absorbing and
non-absorbing wavelengths at the same instance of time. The CH4 column concentration is retrieved
using the absorption differences between the two images but at a higher signal to noise ratio (SNR)
at the edges than at the center of the images. Data from the center is used for detecting anomalous
absorption in the spectrum and for context information. A significant advantage of this approach is
that absolute radiometric calibration is not necessary for this instrument, only camera flat fielding is
required to maintain the relative sensitivity. The field of view is scanned across the Earth by the
satellite’s motion, thus capturing a series of overlapping images such that a ground location is
sampled multiple times and at different SNR. The final measure of CHj4 at a ground location is
computed from the SNR weighted average of all the overlapping data.

5.2 PLAID Sensor
The Planer Langmuir/Impedance Diagnostic (PLAID) is a demonstration of a RF impedance type
probe for observing both the space environment and spacecraft charging using a planer surface type
probe to be mounted on the ram surface of ACMES. This approach becomes a very low-impact sensor
compared to previous approaches that used a deployed ridged boom. The impedance of an antenna
at RF frequencies has been a basis of measurement of the ionosphere for over sixty years [17, 18, 19,
20]. The most common type of antenna studied, both in theory and in experiment, have been dipoles
or monopoles which were electrically short relative to what would be the free space electromagnetic
wavelength at the employed instrument driving frequencies. PLAID will extend the experimental
technique to planer probes for the first time. At first order, the impedance as a function of frequency
is only dependent on the average dielectric properties encompassed by the near field of the sensor.
The driving voltage is kept small (10s of mV) to only perturb the surrounding electrons with energies
that are slightly larger than their thermal potential. The system effectively behaves as if it were a
capacitor, with ionospheric plasma as its dielectric. The capacitance of the antenna is then the product
of its value in vacuum, called the free space capacitance, C,, and the dielectric effect of the plasma
integrated over the surface of the capacitor. The current flowing through the capacitor has resonances
with signatures in both magnitude and phase in impedance vs frequency curves (See Figure 9). One
is near the cyclotron frequency but shifted
due to the capacitance of the plasma sheath 10
around the sensor. The other is at the upper
hybrid frequency, w?2,. The lower frequency
has characteristics of a series R-L-C type
resonance, and when driven disturbs the local
plasma. Thus, it is not desirable to excite the 5 1o 15
cyclotron-sheath resonance for electron 180
diagnostic purposes. The upper frequency has
characteristics of a high-Q parallel R-L-C
resonance and is used as the electron
diagnostic feature. The local magnetic field
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: . : Figure 9 The resonant conditions of an impedance
density is determined from the plasma . - . .
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The PLAID sensor will be constructed such that a flat plate sensor is exposed to the ionospheric
plasma and guarded such that shunt capacitance of the probe to the internals of the spacecraft is
excluded. The fringing electric field of the flat plate will extend into the ram ionospheric plasma
changing the impedance of the probe with plasma density. The DC potential of the planer impedance
probe will be varied to explore the characteristics of the sensor under various plasma sheath
conditions and a planer Langmuir probe as an additional diagnostic of electron density and spacecraft
charge.

5.3 Scientific investigation

A science investigation is planned based on the

availability of both the HyTI and the FINIS ORI T et RS 2000
instrument data set. HyTI can estimate the total 60 R "W .',,.-, e o m
column of methane from the satellite to the surface © " , & k- . ol ]
of the earth through emission of CHy in the LWIR wh o y . i L
(7.5-8um) band. The sensitivity to CHs near the | « @ s \ oY '{' _
surface of the earth, the boundary layer, is reduced | z °/| § %} : ¥ ’ 1
by a factor of ~4 because of the free tropospheric 20 oL 40 " ‘ 1
methane overburden. The HyTI measurements “ [ Y S
will be sensitive to the free troposphere methane 200 ‘ | " '.\ 1
concentration, but insensitive to the surface * ol . . ' . ]
abundance. The student FINIS sensor observes 100 Loniude 100

CHa in the 1.66 um absorption band and the nearby Figure 10 Methane boundary residual anomalies
gap in absorption is used to cleanly assess CH4 | computed by combining GOSAT and TES [21]
concertation through differential absorption. The

combination of the two-instruments observing simultaneously will allow a measurement of just the
boundary layer concentration of CH4 which is most valuable to understanding the anthropological
source of methane in the atmosphere. The methane residual — formed by removing the LWIR
measured free troposphere from the total column will significantly improve the estimation of methane
in the lower troposphere. Worden et al. computed CH4 residual and showed good results, see Figure
2, but his results suffered from the fact that the data was from GOSAT and TES which were neither
coincident nor simultaneous and the footprints for both instruments were quite large (400 x 500 km)
averaging and diluting localized emission features [21]. The methodology developed by Worden et
al. follows the approach used in forming the ozone residual [22, 23]. ACMES will demonstrate this
new technique using coincident and simultaneous high-resolution measurements.

6 Conclusion

The Active Cooling for Multispectral Earth Sensors (ACMES) is a 12U CubeSat mission to
simultaneously validate two new technologies, each representing an important advance in satellite
remote sensing capability for Earth science. The first technology is the Active Thermal Architectures
(ATA); a complete end-to-end solution for active thermal control of cryogenic instruments on nano
satellites, that can be scaled to accommodate a variety of form factors and mission power
requirements. The second technology is the HyTI (Hyperspectral Thermal Imager), that captures both
high spectral and spatial long-wave infrared images using a spatially modulated interferometric
imaging technique. ATA will be used to manage the cryogenic thermal environment for HyTI
allowing continuous operations over land. ACMES includes student outreach elements that are low
impact to the primary mission. Both student projects are separable from the primary mission of ATA
and HyTL
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