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ABSTRACT

The Supernova remnants & Proxies for Reionization Testbed Experiment (SPRITE), a 12U CubeSat, will in-
vestigate tracers of galactic and cosmic structure in the far-ultraviolet (FUV) over a nominal two-year mission.
These tracers include the escape of ionizing radiation from, as well as the mass and energy flows within, galax-
ies. To observe these processes, the SPRITE instrument employs a variety of advanced optics technologies that
necessitate an extensive testing campaign prior to delivery. SPRITE’s broadband mirror coatings, comprised
of enhanced lithium fluoride over an aluminum deposition (eLiF) and overcoated with protective magnesium
fluoride (MgF2), operate with >70% reflectance to λ > 1020 Å. SPRITE is the orbital testbed for these new
coatings, representing a significant improvement over the Hubble Space Telescope (HST) and the Far Ultravi-
olet Spectroscopic Explorer (FUSE), and qualifying these coatings for potential use on the Habitable Worlds
Observatory (HWO). We demonstrate that this combination of coatings provides high throughput with low en-
vironmental degradation. We also present the results of component-level testing and instrument characterization
of the SPRITE instrument.
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1. INTRODUCTION

The ultraviolet is the most sensitive spectral window to thermal emission from clusters of hot stars (Teff ∼
104 − 105 K). Atomic and molecular transitions that trace the kinematic processes driving galactic evolution are
observed in the far-UV (FUV; 912 - 2000 Å). In particular, observations in the 912 - 1200 Å bandpass, commonly
referred to as the Lyman UV, quantify how massive stars impact their host galaxies and control the escape of
ionizing radiation into the intergalactic medium (IGM). This makes the Lyman UV an extremely valuable source
of information for galaxy evolution and cosmic structure formation. However, spectral imaging from an orbital
platform in the Lyman UV has never been achieved with arcsecond-level angular resolution.1

The Supernova remnants & Proxies for Reionization Testbed Experiment (SPRITE) will fill this large and
scientifically rich gap as the first dedicated FUV astrophysics mission launched into orbit in over a decade.
Based at the Laboratory for Atmospheric and Space Physics (LASP) at the University of Colorado Boulder
as part of the Colorado Ultraviolet Spectroscopy Program (CUSP), SPRITE is a 12U CubeSat mission that
addresses how galaxies provide ionizing radiation to the intergalactic medium and how ionization and kinematic
processes drive galactic evolution. The innovative optical design utilized on SPRITE also allows it to serve as
a demonstration testbed for a future large (> 6m) ultraviolet/optical/infrared surveyor such as the Habitable
Worlds Observatory (HWO). Both the technologies required for this future survey and the survey itself have
been identified as priorities in the recommendations of Pathways to Discovery in Astronomy and Astrophysics
for the 2020s Decadal Survey .2 Figure 1 shows the SPRITE spacecraft in its flight configuration with its solar
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panels and UHF antenna deployed. SPRITE is planned to launch into low-Earth orbit (LEO) in late 2024, with
launch manifest pending.3

Figure 1: The SPRITE CubeSat CAD
with solar panels and UHF antenna deployed.
SPRITE is the first 12U-sized NASA SMD-
funded astrophysics CubeSat.

This proceeding describes the SPRITE instrument and its pre-
liminary optical integration and testing campaign. Section 2 ex-
plains SPRITE’s motivating science; Section 3 describes the in-
strument, its components, and optical testing; Section 4 briefly
outlines future integration and testing.

2. SCIENCE OVERVIEW

SPRITE is designed to carry out three scientific surveys (see In-
dahl et al., in this Proceedings).3 The first measures escaping
ionizing radiation from a sample of low-redshift (0.16 < z < 0.4)
star-forming galaxies, for which high sensitivity via high signal
throughput and low backgrounds is essential. The second survey
maps supernova remnants and star formation in the Milky Way
and the Large and Small Magellanic Clouds (LMC and SMC, re-
spectively) in the UV. The third measures the global structure
of feedback in a small sample of local galaxies by “push-broom”
mapping the FUV continuum and emission features, creating the
first sub-arcminute three-dimensional spectral data cubes in this
bandpass.

2.1 Lyman continuum escape survey

The mass and energy flows within galaxies are dictated by ionization and kinematic drivers that largely originate
from hot, massive OB stars. These kinematic processes, including intense radiation, fast stellar winds, and metal
dissipation in supernovae, are well-traced in the neutral and ionized atomic lines probed in the FUV.

The transition from neutral to ionized intergalactic medium (IGM) is one of the key signifiers of cosmic
structure formation. The question of how much ionizing radiation escapes into the IGM from galaxies is critical
to our understanding of the history of cosmic structure formation, especially the Epoch of Reionization (EoR).
SPRITE’s Lyman continuum (LyC) survey seeks to measure the LyC escape fraction, fesc, or the fraction of
ionizing radiation that escapes a galaxy relative to the radiation produced by the stars in that galaxy. These
signals have expected fluxes of F (λ) < 2× 10−16 erg cm−2 s−1 Å−1 for a low-redshift galaxy.1

At the epoch of reionization (z ∼ 6-10), fesc cannot be measured directly, as the neutral fraction of the IGM
is too high beyond a redshift of z ∼ 3. Even the James Webb Space Telescope (JWST), for which observing the
galaxies that drove reionization is a core scientific objective, cannot observe ionizing radiation directly at the
EoR. Instead, redshifted UV and optical emission lines are used as proxies, which must be calibrated via direct
measurements of escaping ionizing radiation from a selection of low-redshift galaxies. Therefore, constraining
fesc at low redshift is vital to cleanly interpret future observations of redshifted UV and optical emission lines.
SPRITE will accomplish this by directly measuring fesc in ∼ 50 nearby galaxies and active galactic nuclei (AGN)
to the 2-5% level.

2.2 Spectral and spatial mapping surveys

The SPRITE mission will map the structures of a sample of targets in the FUV at sub-arcminute angular
resolution and high spatial resolution using push-broom spectral mapping with a 1800′′ × 10′′ slit. These targets
include nearby galaxies and supernova remnants, as well as regions of star formation in the Milky Way, LMC,
and SMC. Figure 2 illustrates how the push-broom procedure will obtain spectra at each slit segment across the
entire target to create a spectral and spatial map, using the Antennae Galaxies (NGC 4038/NGC 403) as an
example target.

The resulting 3D (x,y,λ) data cube will provide the most comprehensive UV data set for some of the most
well-studied objects in the local universe.1 This data will include observations of dust attenuation, emission lines,



Figure 2: Illustration of the push-broom observation using the spectrum of NGC 4038/NGC 4039 obtained by
the Far Ultraviolet Spectroscopic Explorer (FUSE) and extrapolated with simulated Galaxy Evolution Explorer
(GALEX) data.

and ionized gas outflow features for some of the best known local galaxies. This will yield an unprecedented data
set in the ultraviolet, where there has never been a sub-arcminute imaging spectrograph with this wavelength
coverage and high spatial resolution.

3. INSTRUMENT OVERVIEW

SPRITE is the first NASA-funded 12U dedicated astrophysics CubeSat and the first orbital astrophysics instru-
ment sensitive to the far-ultraviolet (FUV, 1000-1750 Å) since the Cosmic Origin Spectrograph (COS) deployed
on HST. SPRITE’s science instrument is comprised of a Cassegrain F/2.7 telescope, a diffraction grating, a
cylindrical fold mirror, a microchannel plate (MCP) detector and its housing, and the SPRITE Calibration
Channel (SCC), which will help track the stability of the mirror coatings and detector on-orbit. CAD models of
the instrument are shown in Figure 3.

The idealized SPRITE raytrace design (Figure 4) has ∼ 1.3 Å resolution for a resolving power of λ/∆λ ≈
770 − 1350 for its range of 1000 − 1750 Å as well as a cross-dispersion resolution of 8-20′′, depending on the
location along the cross-dispersion axis of the instrument (i.e., the slit’s long dimension). This makes SPRITE
the first instrument with sub-arcminute imaging spectroscopic capability at λ < 115 nm. SPRITE also serves
as a flight testbed and technology demonstration of the performance of the advanced mirror coatings and MCP
detectors that will be utilized on a future large infrared/optical/ultraviolet space surveyor such as HWO.

The telescope, provided by Nu-Tek Precision Optical Corporation, is a Cassegrain design with an 18 cm x 16
cm primary mirror. Figure 4 shows the ray trace within the instrument. Light entering the aperture is reflected
off the primary mirror to the secondary, where it is then reflected through a channel in the center of the primary
mirror and focused onto the slit. The light then passes through the slit and its baffle to the concave abberation-
correcting holographic grating provided by Horiba Jobin-Yvon, the same vendor that developed the HST-COS
gratings. Holographic gratings were selected for SPRITE because they have better scattered light properties
than mechanically ruled gratings, while a blazed grating was selected for high efficiency.4 The diffracted light
from the grating then reflects off a cylindrical tertiary mirror (M3) and is recorded on the MCP detector, which
is described further in 3.2.



Figure 3: Left: Front view of the SPRITE instrument, composed of the telescope, spectrograph, and SCC.
Center: Rear view of the instrument. The detector housing is secured to the baseplate via an intermediary
mount to accommodate the detector’s vacuum connection. Right: Interior view of the spectrograph. The slit
baffle, grating mount, M3, and SCC M2 are all installed on an intermediary mount on the back of M1.

The SPRITE Calibration Channel (SCC) consists of a CaF2 windowed mechanical collimation tube feeding
a two-optic focuser. A flat mirror (SCC M1) directs the collimated beam to an off-axis parabolic focuser (SCC
M2) to provide a co-aligned ∼3◦ FOV low-resolution imager. This imager is co-aligned with the spectrograph to
provide a separate 1350 - 2000 Å image of bright targets for cross-calibration purposes, but using MgF2 protected
aluminum optics, the same coatings used on HST and several other prior missions. This calibration channel allows
on-orbit degradation of the detector or the mirror coatings (described below in 3.1) to be disentangled, providing
an independent assessment of the performance and stability of each new technology.

3.1 Optical Coatings

Figure 4: A ray trace showing light being focused by the
telescope to the slit, where it travels through to the grating,
the tertiary mirror, and then the detector. The light traveling
through the collimation channel (SCC) to the detector is also
shown.

The most critical aspect for the throughput and
bandpass of FUV instrumentation is the reflec-
tivity of the mirror coatings. SPRITE utilizes
advanced environmentally-resistant mirror coat-
ings5 which demonstrably exceed 80% reflectiv-
ity at 1100 Å. This is approximately 20% more
than the conventional LiF+Al used on the Far
Ultraviolet Spectroscopic Explorer (FUSE) and
> 5 times more than the MgF2 used on HST for
observations at these wavelengths.6 The coat-
ing process was refined over a ∼2-year timescale,
with the heating method and fixtures developed
and tested on mass models and witness samples.

Protected enhanced lithium flouride (eLIF)
coatings were baselined in the LUVOIR surveyor
concept study report, for which SPRITE is an
essential orbital testbed.7 While conventional
LiF+Al coatings are deposited at room temper-
ature, eLiF coatings are then post-annealed at elevated temperatures (∼ 260◦C).5 After deposition of the eLiF,
the SPRITE optics are then shipped in hermetically sealed, N2-filled shipping containers to NASA JPL where
an ultrathin ∼ 20 Å capping layer of MgF2 is applied via atomic layer deposition (ALD).8



Figure 5: The measured reflectances of witness samples coated
alongside each optic. Note that the grating witness was mea-
sured immediately after eLiF deposition, prior to MgF2 over-
coating.

Figure 6: The flight grating after eLiF
deposition at NASA GSFC.

Figure 5 shows the reflectances of the witness samples that were placed next to each SPRITE optic during
the coating process. M1 and its witness sample were coated in conventional LiF+Al and protected with a MgF2

capping layer; the witness sample demonstrated a peak reflectance of ∼ 73% at 1152Å. M3 and its witness
sample were coated in eLiF followed by MgF2, and the witness sample reflectance peaked at ∼ 82% at 1092Å.
The grating shown in Figure 6 and its witness sample were coated in eLiF, and the witness sample reflectance
was measured prior to MgF2 overcoating with a peak reflectivity of ∼82% at 1043Å. Two witness samples were
coated alongside M2, placed next to two adjacent sides of the optic, meaning that the projected reflectance of
M2 relies more heavily on estimation than the other optics; based on the measurements of those witness samples.
As such, the M2 reflectance in Figure 5 is an estimate based on both the peak reflectances of the witness samples
and the shape of the M3 reflectance curve, as it is reasonable to expect that the coatings on M2 perform similarly
to those on M3.

Conventional LiF+Al coatings, such as those used on FUSE, are hygroscopic, losing as much as 30% reflec-
tivity as they degrade with exposure to humidity above 50%.9 When compounded through the reflections across
four optics, this loss would severely impair the instrument throughput. The MgF2 capping layer is essential
for SPRITE as it provides protection for the hygroscopic LiF from water vapor. Because the MgF2 layer is
ultrathin, it does not significantly reduce the reflectivity of the underlying Al+LiF coating. A witness sample
coated in eLiF without MgF2 that was exposed to up to 30% relative humidity (RH) for five months showed a
16% decrease in reflectance at λ = 103 nm; witness samples that were overcoated with MgF2 exposed to 30%
RH for two to six months and 50-70% RH for two weeks demonstrated only a 2-8% decrease in reflectance for
the same wavelength, even though they were also stored at elevated temperatures to accelerate the degradation
process.10 Witness samples stored in protected lab conditions show no significant degradation at λ = 1050 Å,
suggesting that standard procedures such as N2 purging when not in use and lab conditions of ∼ 30% RH should
limit protected eLiF degradation to acceptable levels on future missions.

SPRITE’s flight grating, shown in Figure 6, is the first diffraction grating to be coated with eLiF. The grating
witness sample measurement in Figure 5 suggests that the eLiF coatings have improved the reflectance of the
grating from the ∼ 73% peak achievable by conventional Lif+Al coatings to a peak reflectance of ∼ 82%. The
grating’s precise performance in the SPRITE bandpass will soon be determined.

3.2 MCP Detector

SPRITE serves as a low-Earth orbit testbed for advanced borosilicate glass MCP detectors of the type baselined
in the LUVOIR and HabEx concept studies.11 The SPRITE detector is projected to be far more resistant to the
“gain sag” seen on the HST-COS MCP, which will be tested on-orbit through continuous exposure to geocoronal



Figure 7: The SPRITE slit illuminated on the detec-
tor by overfilling with diffuse light from a Hg pen ray.

Figure 8: The MCP detector housing, shown here
with its door closed, is hermetically sealed until the
door is opened with a LASP-provided deployment
mechanism.

Lyman alpha along the entire SPRITE slit. The spectra observed by SPRITE will be imaged on a flat 39 × 19
mm borosilicate glass MCP detector activated by ALD with a CsI photocathode with ∼ 50µm resolution.12 The
SPRITE slit is imaged filled by 1849Å light from a Hg pen ray in Figure 7, with the three “point source” bulges
in the slit shown. The top and bottom bulges are 30′′ ×30′′ and the central bulge is 60′′ × 60′′. These bulges
provide regions of the slit for point sources in SPRITE’s LyC escape survey that will reduce vignetting and have
added margin for pointing instabilities.

The detector is located within a hermetically sealed housing, shown in Figure 8, evacuated to ∼ 10−7 torr at
all times when in the lab. Prior to launch, the housing will be filled with UHP N2 to 1 PSI above atmospheric
pressure. A poppet relief valve will vent this gas to 1 PSI on ascent. A one-time open door on the front of the
housing will deploy on-flight for an uninterrupted light path from the tertiary mirror to the face of the detector.13

The MCP detector and its housing are provided by Sensor Sciences and are based on the JUNO-UVS detector
design.14

Figure 9: Sample detector background exposure. Regions
1, 3, and 4 encompass areas where there is localized field
emission or where “hot spots” appear. Regions 2 and 5
highlight observational areas of interest.

Region
Count rate
(cm−2 s−1 )

1 0.464
2 0.133
3 0.181
4 3.243
5 0.158
Overall 0.310

Active
area*

0.138

Table 1: *The active area count rate ex-
cludes the areas with localized field emission
areas (Regions 1, 3, and 4).



An MCP detector has several advantages, such as room temperature operation in-lab and no need for a cooling
system in the CubeSat on-orbit; the most important for SPRITE’s science is its exceptional noise performance.
SPRITE’s detector background requirement is less than 0.5 counts cm−2 s−1, or approximately 1 count per
resolution element per day. We measured the background performance of the detector in the lab with the room
lights on, which likely enhances the background, by taking a set of three 1000-second “dark” exposures. We then
calculated the average rate of background counts per square centimeter per second in multiple regions of the
detector active area. Figure 9 shows the raw readout of one of these exposures with the five regions of interest
outlined.

The active area of the detector is 39 × 19 mm; the shaded area in Figure 9 represents the leftmost 5 mm
of the active area which are not illuminated by SPRITE’s spectrograph. Regions 1, 3, and 4 were selected to
encompass local field emission regions believed to be caused by interactions with the housing, as well as a few
hot spots. Region 2 covers the wavelength range of the Lyman UV. Region 5 represents where the center of the
slit falls on the active area. Table 1 shows the rate of photon counts per square centimeter per second for each
region defined; the overall count rate when it is skewed by the local field emission; and the count rate of all other
regions, which meets the detector background requirements with margin.

3.3 Preliminary Optical Testing

Preliminary optical alignment and testing were performed in the class 10,000 clean room at LASP. Preliminary
optical illumination was done using a D2 lamp for a continuum source, and a Hg pen-ray for a bright emission line
at 1849 Å and for stray light testing.15 A custom light source mount was designed to hold both UV light sources
simultaneously, or an optical fiber-fed LED lamp for visible light tests and alignment. The lamps illuminated
an F/8 parabola, providing a collimated light source for rapid testing at atmospheric pressure. To pass the UV
light through the system, the entire collimator was contained in a polycarbonate box and purged with ultra-high
purity (UHP) N2 until the internal humidity was less than 5% (see Szewczyk et al., in this Proceedings).15 This
system was used to verify the focus of the EM telescope rapidly and in low humidity environments in the lab.

The EM grating was installed on the metering tower (shown in Figure 3) and aligned using a set of three
adjustment screws. The grating mount and interfacing component utilize three set screws and three adjustment
screws to tip/tilt/piston the grating for focusing and aligning the spectrograph. With the grating installed

Figure 10: The projected effective area of SPRITE’s
instrument compared to those of FUSE and HUT
based on the reflectances in Figure 5.

Figure 11: SPRITE’s projected counts for an 80,000s
exposure of J1442-0209 based on the effective area
shown in Figure 10, the flux estimate in the Lyman
UV by McCandliss and O’Meara (2017),16 and the
flux observed by Izotov et al. (2016)17



and aligned, we performed our first light test with the complete EM telescope, grating, and detector. The EM
telescope’s first light was from a Hg pen ray installed in the light source mount behind a 25-micron pinhole.

Data was obtained with a 2x bin factor on the detector (2048 x 2048 digital area, with ∼1375 x 775 active
pixels). Using the adjustment screws on the interfacing component, the grating was aligned to place 1849Å
light onto the detector, as Hg emits strongly at 1849Å. However, 1849Å was not visible as the humidity in the
test setup was too high (∼ 30% RH), strongly absorbing light at λ ≲ 1900 Å. Instead, the brightest emission
feature in Figure 7 is 1942 Å, with a pseudocontinuum extending towards 1849 Å. Subsequent testing at lower
humidity under purge (3-5% RH) showed the strong 1849Å feature. The SPRITE grating was canted to put
these wavelengths on the detector, as they nominally are not.

The point spread function (PSF) of the focused spot corresponds to a 4Å FWHM resolution, with the
cross-dispersion height at ∼100 microns, or 14′′. The flight objective is < 2 Å resolution and < 10′′ angular
resolution at the slit center; however, the requirement is only 4 Å resolution to separate the O VI doublet, and
< 20′′ angular resolution. The SPRITE EM telescope therefore already meets this requirement, with further
improvement expected with the flight telescope, which was measured to have half the wavefront error of the EM
unit.

SPRITE’s projected effective area is determined by its geometric collecting area; the reflectances of each of
its optics, as shown in Figure 5; the absolute grating efficiency; and the quantum efficiency of the MCP detector.
This projected effective area curve is shown in Figure 10, with notable emission lines for SPRITE’s science cases
labeled. SPRITE’s peak effective area is ∼ 21 cm2, 75% the effective area of FUSE, despite SPRITE having less
than 30% of the FUSE collecting area.

Using SPRITE’s projected effective area and the MCP detector background described in Section 3.2, we can
model SPRITE’s projected performance for a potential Lyman UV survey target. Figure 11 shows a spectrum
of J1442-0209 as projected through the SPRITE effective area. J1442-0209 is a known LyC emitter from Izotov
et al. (2016) as observed by HST-COS. SPRITE readily detects the LyC detected by COS, as well as nearly 100
additional angstroms due to the larger bandpass of SPRITE.

4. FURTHER INTEGRATION AND TESTING

The next phase of testing for the EM telescope will occur in the CUSP/LASP Long Tank calibration facility,
a 30-foot-long clean vacuum chamber.18 This chamber is designed to point collimated light down the length of
the tank. SPRITE will be installed on a tip-tilt mount at the end of the chamber to allow for fine adjustment
to align the telescope with the collimated beam. Further GSE development required for the safety of the MCP
detector while it is in the Long Tank is described in Szewczyk et al. (2023). Testing in the Long Tank chamber
will provide a flightlike environment in which we can take and analyze test data in real time.

Finally, all characterization testing on the EM telescope must be repeated on the flight telescope so that its
performance can be quantified prior to environmental and non-instrument integration and testing. As this is
the first time the test setups described in this paper and in Szewczyk et al. (2023) have been used, the project
is continuing to qualify the test setups, particularly with vacuum testing in the Long Tank pending. Given the
environmental sensitivity of the optics, the flight instrument will not be used until all tests are completed and
validated. This testing validation model was used during the CUTE program.19

The extended I&T campaign will include electronics integration and environmental testing, including thermal
vacuum (TVAC) testing and vibrational testing. After environmental testing, we will perform comprehensive
hardware inspections and instrument performance tests.

5. CONCLUSIONS

The SPRITE instrument features a unique design with similarly unique challenges for integration and testing.
The preliminary optical testing and characterization of the SPRITE EM telescope yielded results that met or
exceeded all mission requirements. The preliminary successes of the enhanced LiF+Al coatings demonstrate
that SPRITE will achieve highly sensitive measurements in-flight and qualify these coatings for use on future
NASA missions. Through these advanced optical coatings and an extensive test program with significant student



involvement, SPRITE is projected to achieve Explorer-class sensitivities with a CubeSat budget. The project
anticipates the remainder of our I&T phase to continue until mid-2024.

The advanced optical coatings and photon-counting MCP detector utilized for SPRITE represent a new
generation of FUV astrophysical surveys.20 SPRITE will address a significant and scientifically rich gap in
spectral observations of energetic galactic regions. In doing so, SPRITE will demonstrate that low-cost CubeSat
missions can perform operationally challenging FUV observations and provide high-impact results for astrophysics
science objectives.
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