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1 Mission Overview

1.1 Mission Objectives

The Spectro-Photometer for the History of the Universe, Epoch of Reionization, and Ices Explorer (SPHEREX)
is a NASA Astrophysics Medium-class Explorer (MIDEX]) mission, designed to perform the first all-sky spec-
tral survey in the optical to Near-infrared (NIR]) range, covering wavelengths from 0.75 to 5.0 m. SPHEREx
launched on 12 March 2025 at 03:10:12 UTC aboard a SpaceX Falcon 9 rocket from Vandenberg Space Force
Base.

On May 1, 2025, the spacecraft began regular science operations following an In-Orbit Checkout ([[OC])
period during which the flight and ground systems were commissioned, and key survey parameters were
optimized. Over its nominal 25-month science mission, SPHEREx will conduct four complete sky surveys,
yielding 1.4 trillion spectral-spatial elements (voxels) per all-sky pass. The mission will construct a compre-
hensive three-dimensional cosmos map, enabling transformative insights into the origin and evolution of the
universe. The mission addresses three principal science themes aligned with NASA’s strategic astrophysics
priorities [Doré et al.l [2014]:

Probing Inflation and the Early Universe: SPHEREx will acquire low-resolution spectra for
over 450 million galaxies, enabling a three-dimensional reconstruction of the large-scale structure of
the Universe across an unprecedented cosmological volume. These data will constrain primordial non-
Gaussianity via the fiy. parameter, with a target sensitivity of (fiy.) 1, providing critical tests to
distinguish between single- and multi-field inflationary models.

Tracing the Origin of Planetary Systems and Biogenic Ices: SPHEREx will perform the largest
spectroscopic survey of ice absorption features in circumstellar environments, observing young stellar
objects, protoplanetary disks, and molecular clouds throughout the Milky Way. The mission will collect
over 20,000 high-quality ice spectra, enabling statistically robust correlations between ice composition
and environmental conditions.

Exploring Galaxy Evolution via the Extragalactic Background Light (EBL]): Through deep
spectral imaging of the ecliptic poles, SPHEREx will measure spatial power spectra of [EBI]fluctuations.
These data will disentangle the contributions of intra-halo light, faint dwarf galaxies, and sources from
the Epoch of Reionization, providing new constraints on early galaxy populations and the cosmic star
formation history.

In addition to its primary science objectives, SPHEREx will generate an archival dataset capturing a
diverse range of astronomical phenomena [Crill et al. 2020} [Tvezi¢ et all|2022| |Alibay et all [2023], including:

21 billion galaxy spectra

2450 million galaxy redshifts

21 million quasar spectra

2100 million stellar spectra
2600,000 exoplanet target stars
=>700,000 ice absorption spectra
2100,000 asteroid and comet spectra

1.2 Spacecraft

The SPHEREx spacecraft is based on the Ball Configurable Platform (BCP-100) bus, previously utilized
in missions such as Imaging X-ray Polarimetry Explorer (IXPE]) [Weisskopf et all [2022]. Designed for
operations in low Earth orbit (LEQ]), the platform delivers high pointing accuracy, thermal stability, and
efficient data throughput.

Throughout the SPHEREx mission, the spacecraft operates in a sun-synchronous polar orbit. SPHEREx’s
operations are governed by geometric pointing constraints to mitigate Sun, Earth, and Moon contamination.
Key spacecraft orbital parameters are summarized in Table [T}
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It achieves high-precision three-axis stabilization through a combination of star trackers, a gyro-based
Scalable Space Inertial Reference Unit[(SSIRU), GPS, four reaction wheels, and three magnetic torque
rods. Telemetry and command operations utilize the S-band for uplink (2 kbps) and low- or high-rate
telemetry (32 kbps and 2 Mbps, respectively), while science data are transmitted via Ka-band downlink at
600 Mbps. Power is supplied by a body- xed solar array paired with a 22.5 Ah lithium-ion battery, providing
uninterrupted operation even during eclipse seasons. An onboard recorder stores up to eight days of science
data (approximately 1074 Gbits), ensuring robust data capture between ground contacts.

Table 1: Orbital parameters of the SPHEREX spacecraft

Property Value

Mean semi-major axis 7,037.41 km
Eccentricity 0.00034
Inclination 97.951
Longitude of ascending node 27.06
Argument of periapsis 121.8

Time to periapsis 1,987 sec
Mean Local Time of Ascending Node [MLTAN) 6:00 AM
Orbital period 98 min

Key spacecraft functionalities are provided by the following subsystems: the Attitude Determination and
Control Subsystem [ADCSY), which maintains precise orientation; the Command and Data Handling [CDH)
subsystem, including spacecraft avionics; Flight Software [[ESW), responsible for receiving and executing
survey sequences, as well as spacecraft control; the Electrical Power Distribution Subsystein (EPDS), which
ensures continuous power delivery; the Telecommunications subsystem, supporting uplink and downlink
operations; the Thermal Control subsystem, maintaining operating temperatures for critical electronics; and
the Spacecraft Structure, which supports both the spacecraft bus and payload.

The spacecraft is not equipped with onboard propulsion. Consequently, orbital decay follows the natural
evolution of the orbit, predominantly in uenced by atmospheric drag. End-of-mission de-orbiting is achieved
passively, with atmospheric re-entry expected within 25 years following the conclusion of science operations.

Detailed descriptions of each subsystem and its associated software architectures are provided in Alibay
et al.| [2023].

1.3 Payload

The SPHEREX payload includes a wide- eld cryogenically cooled telescope and spectrophotometric imaging
system optimized for spectral mapping. It features a 20-cm e ective aperture, all-aluminum free-form Three
Mirror Anastigmat (TMA) kelescope with a broad Field of View (FaV}lof 3.5 11.3 . The optical path is
split by a dichroic beam splitter, allowing simultaneous observations in short- and mid-wave infrared bands.
The entire assembly is thermally isolated from the spacecraft to maintain radiometric stability. With no
moving parts beyond the one-time deployment of an aperture cover durind IOC, the design emphasizes
robustness, maximizing spectral throughput and operational reliability. A schematic illustration of the
optical light path and an example of Linear Variable Filter ((VE) spectroscopy toward the Andromeda
Galaxy are shown in Figure[1. Animation illustrating collecting signals through LVF is available on the
SPHEREXx/California Institute of Technology (Caltech) o cial website 1.

The SPHEREX instrument is organized into three primary subsystems: the optical subsystem (telescope,
beam splitter, and Focal Plane Assemblies (FPA)s), the thermal subsystem (passive radiative cooling struc-
ture), and the Instrument Control Electronics (ICE) electronics (detector readout, onboard processing, and
storage management).

Cryogenic telescope and detector temperatures are achieved entirely through passive means. A three-
stage V-groove radiator system, comprised of nested conical photon shields, supplemented by a dedicated
focal plane radiator, e ectively dissipates heat to space, reducing telescope thermal emission, suppressing

Lhttps://spherex.caltech.edu/page/survey
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Figure 1: Light path through the SPHEREX optical system and an example illustration of LVF spectroscopy
targeting the Andromeda Galaxy. (Credit: Image courtesy of SPHEREXx-JPL/Caltech)

detector dark current and facilitating thermal stability throughout the mission. Key instrument parameters
are summarized in Table 2 [Crill et al., 2020] and the normalized spectral resolution is shown in Figure 2.
Figure 3 presents the preliminary expected all-sky point source sensitivity after four full-survey passes,
assuming a median sky background photocurrent.

Table 2: SPHEREX Instrument Parameters

Parameter Value

E ective aperture 20 cm

Focal ratio /3

Field of view 2 (35 11.3); dichroic split
Wavelength coverage and design resolution 0.744{5.002m

Band 1: =0.744{1.116 m; R =39
Band 2: 1.099{1.651 m; R =41
Band 3: 1.636{2.421 m; R =41
Band 4: =2.423{3.822 m; R =35
Band 5: =3.809{4.420 m; R =112
Band 6: =4.412{5.002 m; R =128

Detectors 3 Hawaii-2RG 2.6 m cuto
3 Hawaii-2RG 5.3 m cuto

Read mode Sample-Up-the-Ramp (SUR)

Frame time 1.5349 s

Exposure time 11358 s

Pixel scale 6.18° 6.15°
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Figure 2: The measured normalized spectral response across the SPHEREXx wavelength range.

The focal plane is divided into two FPAs, each consisting of three Teledyne H2RG HgCdTe 2k 2k
detector arrays. A dichroic beam splitter separates the short-wavelength and long-wavelength channels:
the Short-wave Infrared (SWIR) FPA covers 0.75{2.44 m (in re ection) and operates at 62 K, while the
Mid-wave Infrared (MWIR) FPA spans 2.40{5.01 m (in transmission) and operates at 45 K. Each detector
is paired with an LVF, positioned above the array, which allows each pixel to sample a narrow spectral
bandpass. As the sky drifts across the eld of regard given Earth-, Sun-, and Moon- avoidance constraints,
successive exposures at o set positions reconstruct full low-resolution spectra for each celestial source.

The detectors employ SUR readout mode to optimize Signal-to-Noise (S/N) performance. Custom-built
Video8 Application-Speci c Integrated Circuit (ASIC) boards, developed by SPHEREXx/Caltech, perform
low-noise readout, real-time photocurrent estimation, and onboard data compression. The ICE system
manages digitized sample processing and compression before transferring the data to dedicated onboard
storage for subsequent downlink. Detailed speci cations of the detectors are provided in Crill et al. [2020],
and further descriptions of the ICE hardware and rmware can be found in Alibay et al. [2023].

1.4 Survey Strategy and Spectral Accumulation

SPHEREX takes observations that deliver the required all-sky and deep eld coverage. We plan these
observations using the Survey Planning Software (SPS) developed for SPHEREXx. Unlike other surveys with
repeating geometric scan strategies, the unique requirements of the SPHEREXx mission led us to develop
the SPS to plan observations on-the-y that deliver high time on science and high sky coverage. A paper
describing this software in detail is currently in preparation. Among other capabilities, the SPS plans science
observations, pauses observations for downlinks, mitigates outages due to passage through the elevated
radiation environment of the South Atlantic Anomaly, plans slews to avoid bringing the telescope close to
the Moon while slewing, and selects a safe place to point in rare cases when no science targets are observable.

The SPS only plans observations that are in the allowable pointing zone. Operating from low-earth orbit,
the SPS plans attitudes for SPHEREX that avoid pointing near the Sun, Moon, and Earth. The SPS also
keeps the solar panel pointed close enough to the Sun to meet power requirements. To mitigate the shuttle
glow observed in ight during experiments conducted in I0C, the SPS also avoids pointing the telescope near
the direction of ight. Taken together, these constraints de ne the time-varying allowable pointing zone.

SPHEREX has a single main target list that includes targets from the all-sky survey as well as targets
in both deep elds. All targets are organized into target groups To move to a desired target group,
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Figure 3: Preliminary expected all-sky point source sensitivity after four surveys assuming a median sky
background photocurrent. Each color represents an individual SPHEREx band. For each, two sets of
curves are displayed, which encompass the current range of uncertainty. These are dominated by measured
guantities, including the absolute spectrophotometric gain, the total noise per exposure, and the e ective
Point Spread Function. Updates to this curve will be provided as the survey and analysis products progress.
The two narrow band dips at 1.08 and 2.42 m are caused by the increase in photocurrent from Hel emission
in Earth's atmosphere and the attenuation at the R/T transition of the dichroic beamsplitter, respectively.

SPHEREX executes adarge slewmaneuver. After the observatory settles at this attitude, SPHEREX takes a
single exposure, then executes amall slew maneuver to the next target in the group, and continues taking
exposures followed by small slews until the target group is about to move out of our allowable pointing zone.
The SPS then plans a large slew to the next target group, and observing continues in this way throughout
our science operations. To plan these slews e ciently, the SPS selects the sequence of target groups to
minimize the number of time-expensive large slews and maximize the number of observations made within
a target group before it moves out of the allowable pointing zone.

A single target group consists of 17 pointings at an identical ecliptic longitude and spaced by one channel
width in ecliptic latitude. For any single spectral channel, completing a target group yields a square region of
full coverage in that single spectral channel. To achieve full coverage in all spectral channels across the entire
sky, we distribute these target groups in a great circle around the equator at all longitudes to form a single
latitude ring (Fig. 4). We construct similar latitude rings at great circles at all latitudes, naturally with
fewer target groups in the latitude rings at higher latitudes. To mitigate pointing error as well as distortion
in the optical system, we overlap the latitude rings, and also overlap the target groups within each latitude
ring. This yields an All-Sky target list that achieves full spectral and spatial coverage, e ciently distributes
observing time evenly in solid angle across the sky, and contains overlap as mitigation and redundancy.

To e ciently align all observations in the All-Sky Survey, the observatory is always rotated about the
telescope boresight such that the wide axis of the eld of view aligns with lines of constant ecliptic latitude.
This rotation angle is the ecliptic Position Angle (PA) of the observatory, and is measured relative to the line
of constant ecliptic latitude passing through the telescope boresight. To meet the solar panel illumination
requirements, during ascending halves of the orbit we align the observatory with a PA of 0, and during
descending halves of the orbit the observatory is aligned with a PA of 18Q This also plays a key role in the
de nition of the surveys. Survey 1 is composed of data taken during the rst 12.5 months of science operations
with PA =0 , Survey 2 is composed of data taken during the rst 12.5 months of science operations with
PA = 180 , Survey 3 is composed of data taken during the second 12.5 months of science operations with
PA =0 , and Survey 4 is composed of data taken during the second 12.5 months of science operations with
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