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Abstract. The Normal-incidence Extreme Ultraviolet Photometer (NExtUP) is a smallsat mission concept designed to
measure the EUV radiation conditions of exoplanet host stars, and F-M type stars in general. EUV radiation is absorbed at
high altitude in a planetary atmosphere, in the exosphere and upper thermosphere, where the gas can be readily heated to
escape temperatures. EUV heating and ionization are the dominant atmospheric loss drivers during most of a planet’s life.
There are only a handful of accurately measured EUV stellar fluxes, all dating from Extreme Ultraviolet Explorer (EUVE)
observations in the ‘90s. Consequently, current models of stellar EUV emission are uncertain by more than an order of
magnitude and dominate uncertainties in planetary atmospheric loss models. NExtUP will use periodic and aperiodic
multilayers on off-axis parabolic mirrors and a prime focus microchannel plate detector to image stars in 5 bandpasses
between 150 and 900Å down to flux limits two orders of magnitude lower than reached by EUVE. NExtUP may also
accomplish a compelling array of secondary science goals, including using line-of-sight absorption measurements to
understand the structure of the local interstellar medium, and imaging EUV emission from energetic processes on solar
system objects at unprecedented spatial resolution. NExtUP is well within smallsat weight limits, requires no special
orbital conditions, and would be flown on a spacecraft supplied by MOOG Industries. It draws on decades of mission
heritage expertise at SAO and LASP, including similar instruments successfully launched and operated to observe the Sun.
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1 Introduction

1.1 Exoplanets and the Habitable Zone

Among the triumphs of astrophysics is the Kepler mission’s finding, combined with ground observations, that planetary
systems are common. With over 4,400 extrasolar planets confirmed1, understanding which environments can support life
is one of the next major challenges. Habitable planets are defined as those with an atmosphere able to sustain surface liquid
water over billion year timescales. A major question for astrophysics in the next decades is what fraction of temperate,
rocky planets around stars of different types can develop and retain a habitable atmosphere?

It has become clear that planetary surface temperature alone is not adequate to describe the habitable zone (HZ),
and stellar optical-infrared radiation is insufficient to predict and interpret planetary biosignature gases [1, 2, 3, 4, 5] or
evaluate rocky planets’ potential to maintain habitable conditions [e.g., 6]. The stellar high-energy radiation environment,
particularly EUV radiation, is the single largest forcing function for long-term habitability of exoplanet atmospheres.

1https://exoplanetarchive.ipac.caltech.edu/
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Fig 1 EUV radiation is the dominant driver of atmospheric loss. EUV radiation is absorbed in the exosphere and upper thermosphere where it can ionize
and heat gas to escape temperatures and potentially drive hydrodynamic outflow. X-ray and UV radiation instead penetrate deeper and are generally less
important for atmospheric loss.

1.2 Stellar EUV Radiation Drives Atmospheric Loss

The long-term habitability of an atmosphere is determined by the net loss of volatiles. Different parts of a star’s spectral
energy distribution (SED) drive heating and chemistry in different layers of a planet’s atmosphere due to the wavelength
dependence of atomic and molecular photoabsorption cross-sections (Figure 1). Optical and near-infrared photons heat
the surface and troposphere while NUV (1800–3200 Å), FUV (912–1800 Å), and X-ray (5–100 Å) photons are absorbed
in the middle and upper atmosphere where they photo-dissociate molecules. But it is EUV emission that is the key driver
for atmospheric mass-loss.

EUV photons (100-911 Å) are absorbed very high in the atmosphere (the exosphere and upper thermosphere) due to
the large photoabsorption cross-section. They ionize atoms and molecules, heating the gas and increasing the scale height
of the atmosphere and potentially leading to the formation of a hydrodynamic outflow and rapid atmospheric escape
[7]. In highly-irradiated planets, the outflow is rapid enough that heavier elements (e.g., O and C) can be dragged along
with the lighter hydrogen, as observed on hot Jupiters [e.g., 8, 9, 10]. Free electrons produced by stellar EUV photons
reach altitudes greater than ions, producing an ambipolar electric field that leads to additional non-thermal outflow [e.g.,
6, 7, 11, 12]. EUV photons are more efficient per erg at heating the atmosphere than X-rays and more EUV than X-ray
photons are emitted by stars to drive this heating. In the quiet Sun, the EUV/X-ray photon production ratio is 90 [13].
For optically inactive early M dwarfs the EUV/X-ray photon ratio is 40 [14], and even for an active later M dwarf the
EUV/X-ray photon ratio is 16.

The stability of Earth-like atmospheres, therefore, depends on the EUV irradiance [e.g., 15]. The University of Col-
orado (CU)-led Mars Atmosphere and Volatile Evolution (MAVEN) mission has confirmed the importance of EUV-driven
mass loss on Mars [16]. Higher EUV flux from the young Sun [17] could have led to 10 times greater oxygen loss rates
and 90 times greater carbon loss rates by increasing the suprathermal or “hot” population of these atoms [18].

Rocky planets around M-dwarf stars (3850 ≥ Teff ≥ 2300 K) will likely be the only potentially habitable planets
whose atmospheres will be searched for signs of life with the upcoming JWST and extremely large telescopes [ELTS;
19, 20, 21] prior to a large UVOIR mission in the 2030s or 2040s2. M dwarf exoplanets are particularly prone to EUV-
driven atmospheric escape: scaling relations indicate EUV irradiance factors of ∼10 times the average solar value owing
to the close-in HZ [22, 23]. Additionally, the EUV luminosity of M dwarfs is enhanced by another 10×-50× during their

2LUVOIR Team Final Report; https://asd.gsfc.nasa.gov/luvoir/reports/
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Fig 2 Left: Different reconstructions of the EUV spectrum of the M dwarf Proxima Cen show 3×-100× flux discrepancies: differential emission
measure models in red, blue, and gray [25]; scaling relations based on only FUV in black [26] and on X-rays in orange [27]. Right: Corresponding
hydrogen mass lost from an Earth-like planet (in units of Earth oceans) from 10 Myr to 4.8 Gyr for high (shaded gray) and low (hatched) EUV histories
of typical M dwarfs [28]. NExtUP EUV fluxes would eliminate this huge uncertainty in atmospheric loss rate.

long pre-main-sequence and spin-down evolution, the latter lasting up to several Gyrs longer than Sun-like stars, into or
beyond the era when life emerged on Earth.

The discovery of rocky planets in the HZs of nearby stars, e.g., Proxima Cen b and the TRAPPIST-1 planets, has
motivated new atmospheric mass loss calculations that highlight the need for improved EUV irradiance data to assess
their long-term habitability. Studies of EUV-driven ion loss from Earth-like planets orbiting M dwarfs found mass loss
rates several orders of magnitude higher than that of present-day Earth for EUV fluxes 10×-20× the present day EUV
solar irradiance [23, 24]. Elevated EUV fluxes, augmented by persistent flares or the long pre-main-sequence and spin-
down phases of M dwarfs, could render some Earth-like planets around M dwarfs barren in the absence of internal or
external resupply of volatiles.

Rapid atmospheric loss can lead to desiccation and the build-up of abiotic O2 atmospheres that complicate biomarker
searches [29, 30, 31]. Figure 2 shows the results of atmospheric escape calculations for Proxima Cen b under different
EUV radiation strengths and histories. Model calculations yield a 30× spread in the atmospheric mass loss from the planet
over time, driven mostly by a lack of firm constraints on the current EUV flux and its evolution earlier in the star’s history.

1.3 The need for NExtUP

EUV flux measurements of exoplanet host stars are currently very scarce. The only previous dedicated EUV astronomy
mission, the Extreme Ultraviolet Explorer [EUVE; 32, 33], obtained spectra of 15 cool main sequence stars, including 5
early M-type dwarfs. These observations were heavily biased toward the most active stars. The very modest effective area
of the EUVE spectrometers precluded useful spectroscopic observations of stars with more solar-like activity, except for
the α Cen system and the F4 subgiant Procyon [e.g. 34, 35]. No observed EUV spectra exist of optically inactive M dwarfs
[i.e., Ca II H & K equivalent widths < 1.0 Å, e.g., 36, 37], or late M-dwarfs such as TRAPPIST-1 that will be optimal
for biosignature searches with JWST, 30m telescopes, and the Origins Space Telescope. The lack of direct EUV data
hampers our ability to understand how habitable atmospheres evolve with time, and to design truly definitive biosignature
searches. Consequent orders of magnitude uncertainties in ion escape rates can fundamentally shift our predictions for
which exoplanets are the best candidates for long-lived habitable atmospheres.

Stellar atmosphere codes that can predict the EUV emission for individual stars by self-consistently modeling a chro-
mosphere, transition region, and corona are in their infancy [e.g., 14, 38]. In lieu of predictive physical models, EUV
scaling relations with FUV and/or X-ray emission are commonly used to approximate the EUV environment in which
planets orbit [22, 26, 27, 39]. These approaches have significant shortcomings: while X-rays are generated in the stellar
corona (T > 106 K) and FUV photons are generated in the chromosphere and transition region (T < 105 K), none of the
scaling relations are based on the 105 − 106 K range of atmospheric temperature where most of the 170–900 Å emission
is produced, and consequently there are order of magnitude difference in EUV scaling prescriptions leading to > 10×
uncertainties in atmospheric mass loss rates (Figure 2).
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Fig 3 Transmittance of the local interstellar medium for H I column densities typical of stars within 30pc (1017.6−1018.4 cm−2 [40, 41]) superimposed
over an EUV spectral model for the M5.5 dwarf Proxima Centuri and the provisional NExtUP bandpasses. The ISM is more than 20% transparent to
EUV photons over most of the NExtUP wavelength range for most stars within 30 pc.

2 Observability of Stars in the Extreme Ultraviolet

The National Academy of Sciences report on Exoplanet Science Strategy highlights the central importance of the EUV
waveband for understanding atmospheric evolution. However, the report also states “EUV fluxes are not accessible due to
the attenuation of the interstellar medium”. This is indeed generally true for large distances (> 100 pc for example). But
nearby stars can be readily observed in the EUV, as was demonstrated by the EUVE all-sky survey [33].

Figure 3 illustrates the ISM transmittance for various neutral hydrogen (H I) column densities. The nearest stars—-the
α Centauri system—have H I absorbing columns of 1017.6 cm−2 [40]. The solar system resides in the local ISM cloud
complex, which itself appears to lie in a lower density “local bubble” [42, 43, 44, 45]. Despite the physical complexity
of the local ISM, integrated H I column density NH (the most relevant parameter for EUV transmission) rarely exceeds
1018.4 cm−2 within 30 pc of the Sun [40]. Stars within 30 pc encompass almost all HZ planets that are candidates for
spectroscopic characterization and biomarker detection (LUVOIR Team Final Report). NExtUP would have the sensitivity
to detect EUV emission with good signal-to-noise for nearly all F, G, K and active M stars out to 30 pc, and for low mass
M dwarfs and inactive stars out to ∼ 12 pc.

In short, the interstellar medium is not the limiting factor in our ability to study EUV emission from the most important
exoplanet hosts.

3 The NExtUP Observatory

NExtUP utilizes 3 decades of imaging expertise developed at Smithsonian Astrophysical Observatory (SAO) and the
Laboratory for Atmospheric and Space Physics (LASP) for observing the Sun in the UV and EUV to observe similar
activity of nearby stars. The observatory has five prime focus channels (presently named A, B, 304, C and SiC) housed
inside an EELV Secondary Payload Adapter (ESPA) Grande spacecraft, dedicated to the study of stellar EUV emission.
An artists impression of NExtUP in orbit is presented in Figure 4.

3.1 Mirrors

Each of the five NExtUP channel consists of a 25 cm diameter off-axis parabolic mirror and an out-of-band UV/optical
blocking filter; the light from all channels is focused on a common microchannel plate detector. The focal length of the
system is 127 cm, and is maximised by the spacecraft and instrument design that provides the longest practical optical
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Fig 4 An artists impression of the NExtUP Observatory in orbit. Solar panels are affixed to four sides of the Moog Inc. spacecraft, enabling flexible
orientation with respect to the Sun. The spacecraft is attached to the ESPA ring at the opposite end to the telescope entrance apertures for launch.

Fig 5 The NExtUP mirror system comprising five 25 cm diameter off-axis parabolas aligned to a common prime focus microchannel plate detector.
The mirror mount flexures (three per mirror) and hexapod alignment device (front centre) can also be seen.

bench length within the tolerances of the ESPA ring system. By operating at prime focus, we maximize effective area
by minimizing reflection losses. The optical elements are described below in the order in which they are encountered in
photon flight.

The spacecraft back plate has five mirror mounts. Each mirror is bonded to three flexures, utilizing a mirror design
successfully employed in multiple missions. The flexures maintain mirror position and figure while providing isolation
from external forces. The mirrors are positioned and aligned using a GSE Hexapod PM Alignment system to focus onto
a specific place on the detector (Figure 5). The separate mirrors are mounted slightly offset (∼ 10 mm) from a point at
which they would share a common axis.

The mirrors will be ZerodurTM with a near zero coefficient of thermal expansion (CTE), while the flexure bonding pads
are InvarTM connected to the Titanium flexure. Hysol 9313 adhesive will be used to bond the mirrors to the flexures—a
technique first developed for the Chandra mission and used in several other missions since. The system results in a strong,
temperature insensitive support with minimal outgassing.

3.2 Multilayer Coatings

The telescope design uses multilayer coatings that provide high EUV reflectance at normal incidence. A multilayer
coating exploits the principle of optical interference to achieve high reflectance, and comprises a stack of layers of two
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Fig 6 Multilayer reflectivity as a function of wavelength at normal incidence for the NExtUP Channel C. The aperiodic design allows for a fairly flat
reflectivity curve over a wide ∼ 80 Å range.

or more materials, with individual layer thicknesses designed to optimize the reflectance over a desired spectral band-
pass. Multilayers can be period or aperiodic. A periodic multilayer is a film stack containing a number of repeating,
identical groups of layers, typically bi-layers or tri-layers (that is, using 2 or 3 different materials, respectively). Periodic
multilayers provide high reflectance over a narrow spectral band-pass, and are designed parametrically.

An aperiodic multilayer is a film stack containing non-repeating layer groups, is designed numerically, and is typically
used to achieve high reflectance over a broad spectral band-pass, generally at the expense of peak reflectivity. Periodic
multilayers for solar physics have a flight heritage spanning several decades. The more recently developed aperiodic
coating technology is only now just emerging for use in instrumentation for solar physics and other applications, and
represents one of the enabling innovations for NExtUP.

Each mirror is coated with a tuned multilayer to reflect only a specific EUV band, and the coating and the focal plane
filter control the operative wavelength of the channel. Similar approaches have been employed in solar missions, but
NExtUP is innovative in utilizing them for an astrophysical application.

The baseline multilayers for NExtUP are listed in Table 1. Channel A employs an aperiodic Al/Zr coating that was
recently developed and experimentally demonstrated. Periodic Al/Zr multilayers have been used for the Hi-C solar mission
[46]. Channels “304”, C, and “SiC” use multilayers made from Al, Mg, and SiC layers [47]. The “304” channel uses a
periodic design to observe the Lyman α transition of He II 304 Å, which is the single brightest EUV line in typical stellar
EUV spectra. The C and “SiC” channels use aperiodic designs.

Aperiodic Al-Mg/SiC coatings were recently used for the ESIS solar mission3. Channel B uses an aperiodic coating
made from Zr, Co, and Mg layers; while this particular aperiodic coating design has not yet been tested, periodic Zr/Co/Mg
multilayers have already been experimentally demonstrated and show excellent performance [48]. The exact aperiodic
multilayer designs for NExtUP will depend on optical performance of test samples and remain somewhat flexible.

An example NExtUP multilayer coating design for Channel C is illustrated in Figure 6. Multilayers have excellent off-
band rejection, although typically can have some throughput in higher harmonics and longward of the target wavelength.
Of special concern is throughput in the vicinity of the geocoronal He I 584 Å line that is a potentially significant source
of background. This wavelength is designed to be strongly suppressed by the NExtUP UV/optical blocking filters and by
the multilayer design itself.

3https://www.montana.edu/news/19196/new-msu-instrument-collects-sun-data-aboard-nasa-rocket
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Table 1 The NExtUP bandpasses specification. Listed are the bandpass wavelengths (defined as the wavelength region were the effective area is
> 10% of the peak area), multilayer coating specifications and peak reflectivity, required and predicted effective areas, and UV/optical blocking filter
specifications.
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Fig 7 The NExtUP filter transmittance curves for the three different filter designs. Channels A and B share the same design, as do channels 304 and C.

3.3 UV/Optical Blocking Filters

The focal plane filters are metal films tuned to the different channels, supported on 82% open nickel mesh. The filters
exploit material transmittance properties to limit the amount of off-band light in each channel. Specifications are listed in
Table 1. Channels A and B use Al filters with carbon added to attenuate long-ward EUV and 584 Å background. Channels
304 and C use a similar design except with an Si overlayer. Channel “SiC” uses an Sn filter. The filters are near the focal
plane and small (6.3mm diameter), and consequently robust to launch stresses; they also help to baffle stray light.

The filter transmittance curves for the three different filter designs are illustrated in Figure 7.

3.4 Microchannel Plate Detector

The NExtUP sensor is a photon counting, imaging microchannel plate (MCP) detector with atomic layer deposited (ALD)
MCPs [49, 50] and a cross delay line (XDL) readout [49, 50, 51, 52, 53, 54, 55, 56], see Figure 8. The format is 38 mm
diameter round with a potassium bromide EUV sensitive photocathode, built by the University of California, Berkeley
(UCB)-Space Sciences Laboratory (SSL). MCP detectors have a long history in NASA space missions, including the
HST-COS, EUVE, GALEX, SOHO, GOLD, EMM-EMUS and ICON [32, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60] systems
built by UCB. The NExtUP detector is circular in format and a copy of the one flown on GOLD and the EMM-EMUS
detectors.
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Fig 8 Detail of the NExtUP MCP detector (left) and its housing (right). The detector is circular with a diameter of 38 mm. The five focal plane
UV/optical blocking filters are mounted in machined recesses in the detector housing, and are situated behind the saphire glass detector door.
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Fig 9 Left (a): The layout of the different NExtUP channels on the focal plane. The arrangement of the channels maximises the quantum efficiency for
the converging light cone of the different channels, with the shorter wavelength channels requiring a less steep angle of incidence relative to the MCP
pores that the longer wavelength channels. Right (b): The average MCP quantum efficiency as a function of wavelength for the slated KBr photocathode
close to normal incidence.

Photons are detected by the photocathode on the MCP, and amplified by a factor 107 by the MCPs and high voltage
potential across them. The photocathode is generally coated to enhance photoelectron production; NExtUP will employ
KBr coatings which offer good quantum efficiency through the EUV band. Each photon event position is deduced from
the difference in signal arrival times at the ends of X and Y delay lines.

UCB MCP detectors in LEO orbit show that the background is dominated by indirect radiation events converted by
the satellite and detected by the MCPs and is proportional to satellite mass. Since ALD MCP background is < 0.1 events
cm−2 s−1 [61] the low mass of NExtUP produces low background estimated to be 0.3 count cm−2 s−1.

The detector provides approximately 1k x 1k resolution elements using electronics identical to those in recent planetary
programs [56, 62, 63, 64, 65, 66]. Global counting rates of > 1 MHz, and local rates of > 1 kHz/resel have been
demonstrated [63].

The NExtUP detector resides inside a vacuum housing with a manually reclosable door to isolate it from contamination
(Figure 8). The door is actuated by a TiNi puller, based on heritage from several successful systems [62, 63, 64, 67, 68].
It allows dry N2 backfill [69], which maintains performance over long durations during handing [62, 70, 71]. There is a
window in the door over the active area to allow testing and operation during the I&T flow. Optical sensors are used to
indicate the door open/closed positions.

The detector is implicitly divided into 5 regions (see Figure 9a), each dedicated to the light from a channel. The five
channels are arranged in a circular pattern that maximizes their quantum efficiencies (QE) by matching the incidence
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Fig 10 The NExtUP effective area curves as a function of wavelength for the five different channels, labelled with their respective multilayer coatings.
From left to right the channels are A, B, 304, C and SiC.

angle of the incoming light cone with the peak of the QE vs incidence angle for the average photon energy of each
channel (Figure 9a). The average detector quantum efficiency as a function of wavelength for the KBr photocathode
NExtUP would employ is shown in Figure 9b.

Baffles near the detector and clear of the detector door serve to isolate the light from a given channel and block light
from other channels from entering. The detector is supported by a titanium pentagonal tube. There is a plate at the
instrument center of mass to mount to the spacecraft. The outer plate defines the entrance apertures, and supports the
detector.

3.5 Detector Electronics

The NExtUP detector high voltage power supply (HVPS) and readout system is based on technology development carried
out for the Colorado University cubesat SPRITE (launch date in 2022), which features a similar MCP and identical
detector electronics [72, 73]. The design of both systems is based on several sub-orbital MCP detectors developed at
CU [37, 74]. The NExtUP HVPS uses an Advanced Energy UltraVolt 6AA12-N4 module in a miniaturized radiation-
tolerant printed circuit board (PCB) package. The output is interfaced to the detector with two Reynolds high voltage
(HV) coaxial connections and is reconfigurable on-orbit with a 16-bit digital to analog converter DAC control signal to
any voltage output between 0 to −6000 V with 92 mV resolution. A switch driven by a shift register Integrated circuit (IC)
transitions the HV output between an active and a standby (approximately −3600 V) voltage to deactivate the detector in
the South Atlantic Anomaly (SAA) or during downlink or battery charging. The input current is throttled to protect the
MCP at coronal pressures (0.01 – 10 torr).

The readout system converts the low-voltage differential signaling (LVDS) signals from the detector electronics into
two 16-bit data words for downlink. Each 16-bit word contains a 1-bit identifier (0 for X, 1 for Y), 11 bits for X or Y
position of the photon event, 3 bits of the 6-bit total pulse height, and 1-bit of the total 2-bit counter for arrival time. The
counter is a relative measure of the arrival time of each photon. The timing resolution can be as short as milliseconds.

The MCP registers the photon arrival and detector position; its arrival time is logged by the read out electronics. Photon
arrival information is downlinked to Earth with instrument aspect information. Spacecraft pointing data, instrument
calibration, and ancilliary data are used to adjust the arrival position, removing thermal and pointing jitter effects, as
demonstrated on Chandra, HST and GALEX.

3.6 Effective Areas

The effective areas of the different NExtUP channels are the product of the geometrical areas of the mirrors, the mirror
reflectivities, the filter transmittance and the MCP QE. The effective area curves are illustrated in Figure 10.

The NextUP bands are designed to capture important groups of bright spectral lines formed at different temperatures
through the EUV range. The 304 channel is specifically designed to capture the bright He II 304 Å line. Figure 11
illustrates the emission intensity of an optically-thin collision-dominated plasma as a function of wavelength and plasma
temperature and is superimposed with the NExtUP bandpasses. The He I 584 Å line is specifically avoided as geocoronal
584 Å emission is a potentially problematic source of background.
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Fig 11 Emission intensity of an optically-thin collision-dominated plasma as a function of wavelength and plasma temperature, overlayed with the
nominal NExtUP bands.

3.7 Imaging Resolution

NExtUP counts photons. When a photon arrives its detected position and arrival time are captured. The image is created
once the observation is complete. This is done by taking the photon arrival information, the known pointing line of sight
at arrival time, and estimates of the telescopes’ internal distortion to adjust the photon’s position on the sky. A cross
check exists in NExtUP because of the shared structure between channels. We will use common mode effects in multiple
channels to verify and improve the aspect solution.

There are 2 main contributors to the final imaging resolution: the resolution of the MCP detector (5.7 arcsec FWHM),
and the pointing knowledge repeatability of the star tracker (5.7 arcsec root mean square (RMS), coincidentally) updated
at 4Hz. Photons arrive at random times between star tracker updates. The observatory pointing is interpolated based on
the proximate star tracker updates. The accuracy of this approach is set by the repeatability of the star tracker output, and
spacecraft jitter. We predict a pointing uncertainty of 5.1 arcsec FWHM by combining the output from 2 star trackers, and
averaging them over a second, and combining the result, in quadrature, with the predicted jitter rate of 1.8 arcsec FWHM.
The combination of these effects, and a few smaller contributors, are shown in Table 2.3.5-1. The predicted resolution is
7.7 arcsec FWHM.

3.8 Instrument Control

The operation of the NExtUP instrument is simple: once the MCP is powered up, it begins to register incoming photons.
It will continue to do that as long as there is power and the HV is supplied to the MCP. The stellar source is selected by
pointing the observatory. An instrument controller will store the MCP counts data as they occur for later downlinking.
The only active electronics in the instrument are those associated with the MCP itself. The telescope aperture doors and
the instrument door are the only moving parts on NExtUP; these are operated only once at deployment. There are no
moving parts in NExtUP following deployment and during science operations.
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Fig 12 Details of the NExtUP Moog spacecraft. The hollow design maximises the available instrument focal length. The instrument package consists
of a cylindrical structure fixed to spacecraft with an interface ring close to the center of gravity. The spacecraft is designed to attach to an ESPA Grande
ring.

4 Spacecraft

The Moog Inc. spacecraft conforms to the volume allowed as part of the ESPA Grande launch option and contains all
necessary avionics, power, guidance, navigation and control (GNC), and bus communications hardware. The NExtUP
instrument is fully enclosed by the spacecraft and does not protrude into the ESPA interface ring. (Figure 12). The
platform is 3-axis stabilized using reaction wheels and torque rods. The system does not have propulsion, reducing
complexity and difficulties with manifesting.

The spacecraft Bus is an aluminum box/panel structure that provides radiation shielding, electromagnetic interfer-
ence/electromagnetic compatibility (EMI/EMC) mitigation, and acts as a thermal radiator. The NExtUP instrument is
mounted in the Bus central cylinder with the optical bench attached to integral points on the structural frame (Figure 12).
The box/panel construction allows for easy integration and test.

The spacecraft has a 24” Motorized Light Band (MLB) attached for mounting to the 5-meter fairing of the ESPA
Grande port interface ring. The combined mass of the spacecraft and NExtUP instrument (including 15% margin on each)
is 304 kg which is over 35% below the 465 kg capacity of the ESPA Grande port. Concept design shows the CG to be on
the central axis of the interface ring and less than 0.5m (20 inches) from the port mounting surface.
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Fig 13 The CU LASP ground station that will handle NExtUP mission operations. LASP has more than 5 decades of experience flying NASA missions
and instruments big and small.

The bus GNC system employs multiple modes of operation to meet the requirements of the mission. It uses Commer-
cial Off The Shelf (COTS) components with flight heritage. The GNC actuators consist of three 8 N-m-s reaction wheels
and three 26 A-m2 magnetic torque rods. During operations the reaction wheels provide precision payload pointing and
the torque rods offload momentum as required.

The bus will utilize an Innoflight SCR-100 S-Band transceiver to meet the needs of the payload and the vehicle. The
S-band link will utilize two antennas to provide coverage in a large range of spacecraft attitudes (tumbling, sun-pointing
and nadir pointing).

5 Mission Operations and Data Products

The NExtUP Mission Operations Center would be based at CU LASP (Figure 13), leveraging LASP’s experience on mis-
sions including: Magnetospheric Multiscale Mission (MMS), Global-scale Observations of the Limb and Disk (GOLD),
and Compact Spectral Irradiance Monitor Flight Demonstration (CSIM) and Kepler mission, with IXPE and IMAP com-
ing soon.

NExtUP communications would be via three passes per day in S-band, with an estimated conservative data rate of
110MB/day. The photon event data is expected to be dominated by the out-of-band He I 584 Å airglow.

The LASP operations team will provide command, control and planning support using the same OASIS software used
for other missions. This includes monitoring the spacecraft operations, scheduling with the ground station network and
troubleshooting and resolving anomalies.

Data will be formatted in compliance with International Virtual Observatory Alliance (IVOA) requirements. These
include time tagged event lists and aspect pointing information, together with higher-level data products such as aspect-
corrected images. Data products will be available to the community immediately after verification and validation through
the Center for Astrophysics.

6 Target Selection and Observing Strategy

NExtUP attacks its science objective through a combination of four observing strategies. These are: Short Integra-
tion NExtUP (SHINE) observations; Long NExtUP Stare (LONESTAR) observations; NExtUP Ultracool dwarf Survey
(NExUS), and NExtUP Targets of Opportunity (NExtOP).

SHINE will perform efficient, generally short (∼ 1 − 10 ks) integrations of a large sample of ∼ 200 stars to measure
their EUV fluxes to a S/N ≥ 10. A subset of 25% of SHINE targets would be observed 5 times, separated by days to
months, to measure EUV long term variability.

LONESTAR will undertake long 100ks observations of a smaller target list of 40 key stars, including at least 10 M
dwarfs, to characterize flares and variability on day timescales.
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Fig 14 The estimated EUV luminosities and NExtUP Channel B count rates of a provisional sample of 200 potential NExtUP F-M-type target stars as a
function of stellar age, demonstrating the capability of NExtUP to map out EUV emission over the relevant stellar parameter space.

NExUS will acquire sufficient signal to measure fluxes for ultracool low-mass M dwarfs (M6 V and later) whose faint-
ness requires longer observations than typical for SHINE targets.

NExtOP will perform EUV observations in concert with other facilities, such as JWST during exoplanet transit cam-
paigns, or for short notice targets of opportunity.

Target selection for NExtUP would be dictated by: (1) observability of a star of interest in the EUV through the
intervening ISM; (2) importance as an exoplanet host star; and (3) importance for mapping out EUV behavior and char-
acteristics as a function of spectral type and magnetic activity level. Estimated EUV luminosities and predicted NExtUP
Channel B count rates for a provisional sample of 200 nearby F-M-type stars are illustrated in Figure 14.

Full target lists would be a subject of Phase A study, taking advantage of emerging and future advances in planet
detection and characterization. A list of 200 provisional SHINE targets covering spectral types F to mid-M, including
a number of prominent exoplanet hosts, together with a list of 20 potential late-M NExUS targets and 40 LONESTAR
candidates.

Exposures would be based on achieving S/N=10 in Channel B (226-302Å) which ensures at least Channels A (less
susceptible to ISM absorption) and 304 Å are observable, the latter generally yielding similar S/N and counts as Channel
B. S/N=10 ensures reconstruction of fluxes across the EUV band is accurate to a similar precision.

NExtUP is ready to be proposed as a smallsat, either through a dedicated AO, or as a Mission of Opportunity. With a
relatively short required development time, NExtUP could overlap with the nominal JWST mission, at the time of writing
slated to run from late 2021 to late 2026 (but with likely extension).

7 Secondary Science Opportunities

7.1 Coronal Dimming and Flares

NExtUP is expected to observe many flares on stars, especially during long stare observations, and should be able to
detect coronal dimming due to coronal mass ejections (CMEs) in the case of very large events. CMEs are very difficult
to detect on stars but could be quite critical for exoplanet space weather, especially on planets around M dwarf stars with
close-in habitable zones. Theoretical studies have indicated that CMEs on magnetically active stars might be suppressed
[75, 76, 77], making detections of CMEs crucial for understanding their true impact on planets. Coronal dimming has
recently been tentatively detected in several stellar events based on archival data, with dimming amounting to more than
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10% of the quiescent flux [78]. Through coronal dimming, NExtUP would provide a new window into exoplanet space
weather.

7.2 ISM, B stars and Hot White Dwarfs

NExtUP will provide estimates of the absorption in the ISM in the line of sight to stars it will observe. This would
constitute by far the most extensive set of ISM absorption measurements in the solar vicinity. Hot white dwarfs can also
provide key ISM absorption information, with the ensemble data providing a detailed map of the structure of the local
interstellar gas in which the Sun presently resides.

The local ISM is ionized and sculpted by the EUV flux from hot stars, including white dwarfs and B stars [79, 80].
NExtUP will be able to perform a sensitive survey of white dwarf and B star EUV emission down to limits two or more
orders of magnitude than reached by EUVE that can provide key information for understanding the local ISM ionization.
The stellar EUV radiation field (80–912 Å) at the Earth measured by EUVE found that, for wavelengths > 500 Å it is
dominated by contributions from two early type-B stars (ε and β CMa), and for wavelengths < 500 Å, local hot white
dwarfs are the major contributor [79, 80].

NExtUP will also enable the study of white dwarf atmospheres in a waveband not observed for two decades. This
region of their spectra can be dominated by metals levitated against gravity by the radiation field [e.g., 81] and NExtUP
photometry can provide powerful constraints for diffusion and model atmosphere theory.

7.3 Solar System Science

NExtUP would be the first EUV astrophysics observatory since EUVE was deactivated on 2001 January 31, and will have
the highest spatial resolution of any such facility to date (8” vs ∼ 30-60” for EUVE).

With 8” imaging, NExtUP can spatially resolve EUV emission on other compelling targets that are also of high
relevance to NExtUP science goals of understanding planetary atmospheric loss. NExtUP is capable of resolving EUV
emission on Venus, Mars and Jupiter (O II 834 Å, He II 304 Å and in principle He I 584 Å, although NExtUP is designed
to suppress this emission), the Io Torus (several ions including S III 678 Å and O II 834 Å), and from comets (He and
other ions). Exposures to reach S/N=10 per resolution element range from minutes to ∼100ks.

7.3.1 Venus

From Earth orbit, NExtUP observations of Venus would likely be made near elongation, when Venus is half sunlit and
about 25” in diameter (the Venus airglow layer peaks at an altitude of ∼ 100 km [82], which would provide ∼ 7 resolution
elements over the entire disk. Venus has only been occasionally observed at EUV wavelengths, most notably with the
Hopkins Ultraviolet Telescope (HUT) during the Astro-2 shuttle mission [83] over the 820–1840 Å spectral range; during
the 1999 Cassini flyby [84] using the UV Imaging Spectrograph (UVIS) over the 800-1300 Å spectral range; at shorter
wavelengths with the Extreme Ultraviolet Explorer (EUVE) observatory [85]; and, more recently using the Extreme
Ultraviolet Spectroscope for Exospheric Dynamics (EXCEED) spectrograph on the Hisaki observatory [86].

Based on the NExtUP sensitivity, a useful scientific study of Venus would be several observations at both elongations
to map the distribution in local time of EUV emission, which is expected to exhibit a bulge at a few hours past midnight,
due to dynamics. In addition, the observations would test the EUVE observations of 304 Å helium ion emission, which
were surprisingly bright [82].

7.3.2 The Moon

Surprisingly, the Moon has been observed only very infrequently at EUV wavelengths (LRO-LAMP has MgF2-coated
optics, so is very insensitive at wavelengths< 1150 Å, although it is able to detect the He 584 Å lunar exosphere emission).
The Moon was imaged with EUVE and found to have an albedo pattern reversed from that at visible wavelengths [i.e.,
at EUV wavelengths, mare are more reflective than highlands; 88]. Similar results were obtained for the shortest EUV
wavelengths around ∼ 100 Å using the Chandra HRC-I (Figure 15).

Observing the Moon with NExtUP would greatly improve on the EUVE data with much higher spatial resolution and
greater phase angle coverage and much more extensive exposure times and longer wavelength coverage than afforded by
Chandra. Note that the Moon would approximately fill the NExtUP field of view, so rastered or scanned observations
would be needed.
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Fig 15 Chandra images of the Moon with the Chandra HRC-I at an effective wavelength of ∼ 100 Å demonstrating the albedo reversal between mare
and highlands compared with visible light [87].

7.3.3 Mars

From Earth orbit, NExtUP observations of Mars would likely be made near opposition, when Mars is fully sunlit and
about 18” in diameter (the Martian airglow layer peaks at an altitude of ∼ 100 km [82], which would marginally resolve
the planet with ∼ 4 resolution elements over the disk. As for Venus, Mars has only been occasionally observed at EUV
wavelengths, with the Hopkins Ultraviolet Telescope (HUT) during the Astro-2 shuttle mission [83] over the 820–1840 Å
spectral range; with the Far Ultraviolet Spectrographic Explorer (FUSE) observatory at very high resolution over the
900–1200 Å spectral range [89]; and at shorter wavelengths with EUVE [85].

Based on the NExtUP sensitivity, a useful scientific study of Mars would be several observations at opposition to study
the 304 Å helium emission and O II 834 Å emission, which might provide clues from which the escape rates of helium and
oxygen can be estimated, and compared with earlier EUVE results [85] and with the escape rate of hydrogen determined
from MAVEN in-situ observations.

7.3.4 Jupiter and the Io Torus

Near opposition, the diameter of Jupiter as seen from Earth is about 47” so NExtUP images would cover the disk with
∼ 27 pixels 8” in size. The helium emission at 58.4 nm at Jupiter has been observed by EUVE, but at rather poorer
spatial resolution [90], but will likely be very faint due to the designed suppression in NExtUP. O II 834 Å should
instead be detectable. Such features are particularly useful at Jupiter, as their brightness is a straightforward proxy for
the strength of turbulence (or eddy diffusion) in the upper atmosphere (i.e., overlying atomic and molecular hydrogen
absorb such photons, so anywhere the emitting gas is mixed upward from below will reflect more of the solar flux. Cassini
observations [91] and recent Juno observations [92] suggest the eddy diffusion may be particularly large in the auroral
regions, and NExtUP observations could test this. Further, it seems plausible that Jovian He II 304 Å emission may be
detectable with NExtUP, as these would also be expected in the auroral regions.
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7.3.5 Io Plasma Torus

The Io Plasma Torus (IPT) has been observed at EUV wavelengths (where it is brightest) by EUVE [93], but was perhaps
best observed during the Cassini flyby [94] and more recently with Hisaki-EXCEED [95]. At opposition, the entire IPT is
about 50”×300”, and would comfortably fit in the NExtUP field of view. Currently, most IPT research involves synoptic
studies (e.g., several years of daily monitoring by Hisaki), which might be difficult for NExtUP. However, if there were a
volcanic outburst during the NExtUP mission, the IPT response would make an excellent target of opportunity.

8 Summary

NASA SmallSat initiatives provide an opportunity for important focused science experiments within a low cost envelope.
NExtUP addresses a critical area of exoplanet science: the energetic EUV photon environment that drives atmospheric
loss. NExtUP combines very simple prime focus optics with cutting-edge multilayer coatings to produce an EUV tele-
scope orders of magnitude more sensitive than EUVE that can map out EUV emission in stars over the full range of F-M
spectral types and ages. NExtUP could also undertake a compelling array of secondary science.
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Evidence from Cassini UVIS helium 584 Å airglow,” Journal of Geophysical Research (Planets) 111, E02002
(2006).

[92] G. Clark, C. Tao, B. H. Mauk, et al., “Precipitating Electron Energy Flux and Characteristic Energies in Jupiter’s
Main Auroral Region as Measured by Juno/JEDI,” Journal of Geophysical Research (Space Physics) 123, 7554–
7567 (2018).

[93] F. Herbert, G. R. Gladstone, and G. E. Ballester, “Extreme Ultraviolet Explorer spectra of the Io plasma torus:
Improved spectral resolution and new results,” J. Geophys. Res. 106, 26293–26309 (2001).

[94] A. J. Steffl, A. I. F. Stewart, and F. Bagenal, “Cassini UVIS observations of the Io plasma torus. I. Initial results,”
Icarus 172, 78–90 (2004).

[95] I. Yoshikawa, F. Suzuki, R. Hikida, et al., “Volcanic activity on Io and its influence on the dynamics of the Jovian
magnetosphere observed by EXCEED/Hisaki in 2015,” Earth, Planets, and Space 69, 110 (2017).

Proc. of SPIE Vol. 11821  1182108-20
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 08 Oct 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


