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ABSTRACT

The Large Binocular Telescope Interferometer (LBTI)’s Nulling-Optimized Mid-Infrared Camera (NOMIC) is
among the most capable thermal-infrared imaging systems available for high-contrast, high-angular-resolution
astronomical observations. Here we describe two in-progress upgrades to LBTI/NOMIC: (1) the design, fabrica-
tion, and installation of a quadruple annular groove phase mask (Q-AGPM) coronagraph, and (2) the installation
of a 13µm-cutoff Teledyne GeoSnap array. The Q-AGPM is the first coronagraph to be installed within NOMIC
and one of the first optimized for N -band (∼11µm) observations. It places four annular groove phase masks on
a single diamond substrate so that, in the LBTI dual-aperture imaging mode, each of the two telescope beams
can be chopped between a pair of masks without loss of observing efficiency. The GeoSnap array will replace
NOMIC’s original AQUARIUS array, delivering higher quantum efficiency, larger well depth, faster and more
linear readout, and freedom from the excess low-frequency noise that requires aggressive chopping. Together
these upgrades substantially improve the achievable contrast and sensitivity at small angular separations. We
also present a high-contrast Fizeau imaging sequence obtained with LBTI’s new FFTCam fringe tracker, which
confirms the interferometric gain over a single aperture through injection/recovery tests: relative to an equal-time
single aperture exposure, the S/N=3 contrast is a factor of ∼2–4 deeper across 0.2–1′′, spanning the contrast-
and background-limited regimes. Finally, we describe the role of the upgraded LBTI/NOMIC instrument within
the Breakthrough Watch program at the University of Arizona, which aims to perform the deepest observations
yet of the habitable zones of the nearest single Sun-like stars.

Send correspondence to K.W.: E-mail: kevinwagner@arizona.edu
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1. INTRODUCTION

Directly imaging temperate, terrestrial-mass planets around the nearest Sun-like stars is one of the defining goals
of modern exoplanet science.1,2 Over the past two decades, direct imaging has revealed and spectroscopically
characterized young, self-luminous giant planets and protoplanets at wide separations from their host stars,3–6

but the older, temperate, terrestrial-mass planets in the habitable zones of the nearest stars remain beyond the
reach of current contrast limits. The contrast between such a planet and its host star is far more favorable in
the thermal infrared than in reflected visible light: an Earth-sized ∼300K planet radiates most strongly near
10µm, where the planet-to-star contrast is of order 10−7, compared with ∼10−10 for reflected starlight at optical
and near-infrared wavelengths.7–9 Ground-based N -band (8–13µm) imaging on large apertures is therefore
a near-term route to detecting habitable-zone companions around the very closest stars, complementing the
reflected-light approaches planned for future space missions and laying groundwork for upcoming mid-infrared
facilities such as ELT/METIS and the proposed LIFE interferometer.10,11 Figure 1 summarizes the three enabling
developments to the Large Binocular Telescope Interferometer (LBTI) Nulling-Optimized Mid-Infrared Camera
(NOMIC) instrument12–14 described here and their shared science goal. We hereafter plan to refer to the upgraded
instrument as GNOMIC, reflecting the primary detector upgrade to a 13µm-cutoff Teledyne GeoSnap array and
preserving the heritage and recognizability of NOMIC.

The potential for exoplanet imaging in the mid-IR was recently demonstrated by the Breakthrough Watch
/ New Earths in the Alpha Centauri Region (NEAR) experiment, which installed the first ∼11µm exoplanet-
imaging system on the 8.2m Very Large Telescope and reached sub-Neptune sensitivity in roughly 100 hours
of observations of the αCentauri binary.8,9 Building on NEAR, our team has been working to make these
capabilities routinely available on the Large Binocular Telescope (LBT) — a ∼23m edge-to-edge facility built
with a strong emphasis on mid-infrared performance, and the only existing prototype of a 30m-class extremely
large telescope.13,15 Operating the two 8.4m LBT apertures together in Fizeau imaging mode16–19 improves
the angular resolution by roughly a factor of three relative to a single aperture. Combined with a state-of-the-
art detector, the upgraded instrument is expected to gain roughly a factor of six in sensitivity over NEAR,20

sufficient to probe the habitable zones of the nearest single Sun-like stars such as ϵEridani and τ Ceti.20,21

In this paper we describe two upgrades that together unlock this performance. Section 2 sets out the scientific
opportunity − resolved mid-infrared imaging of the habitable zones of the nearest Sun-like stars − that motivates
them. Section 3 reviews the LBTI/NOMIC instrument and its imaging modes. Section 4 describes the quadruple
annular groove phase mask (Q-AGPM), the first coronagraph to be installed inside NOMIC.22 Section 5 describes
replacement of the legacy AQUARIUS array with a 13µm-cutoff Teledyne GeoSnap detector. Section 6 presents
the Fizeau imaging mode and on-sky results obtained with the new FFTCam fringe tracker. Section 7 places
these upgrades and planned observations in the context of the Breakthrough Watch program, and Section 8
summarizes the status and expected science gains.

2. THE MID-INFRARED OPPORTUNITY: RESOLVING NEARBY HABITABLE
ZONES

2.1 Nearby planets in the thermal infrared

A temperate, Earth-sized planet is intrinsically faint, but it is far less faint relative to its host star in the
thermal infrared than in reflected light. A ∼300K planet emits most of its energy near 10µm, and at these
wavelengths the planet-to-star flux ratio for an Earth analog around a Sun-like star is of order 10−7, roughly
three orders of magnitude more favorable than the ∼10−10 contrast of reflected starlight in the visible and near-
infrared.7 This relaxed contrast brings the direct detection of habitable-zone planets within reach of ground-based
telescopes equipped with extreme adaptive optics and coronagraphy.23,24 The mid-infrared also carries unique
diagnostic value: thermal emission constrains a planet’s effective temperature and radius and provides access
to key molecular bands. Within NOMIC’s N -band window (∼8–13µm), the accessible diagnostic is the 9.6µm
ozone band; the strong CO2 band at 15µm and other longer-wavelength features fall beyond it.25–27 This makes
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Upgraded LBTI / NOMIC → GNOMIC
Direct imaging of habitable-zone planets around the nearest Sun-like stars

Q-AGPM coronagraph

Four vortex masks on one diamond
N 0 band ( ≈ 10.2–12.5 μm)
Rejection 103–104 across Q1–Q4
Compatible with double-sided or Fizeau

Support from NSF / ATI

GeoSnap detector

13 μm-cutoff HgCdTe, ELFN-free
No chopping; QE ≈ 0.8; ∼ 2.3× deeper
2k×2k, 18 μm; 2.6×106 e −  well

Support from Breakthrough Watch

Fizeau imaging

Two 8.4 m mirrors co-phased
22.7 m span →  0.1100 resolution
FFTCam fringe tracker (Stone et al. 2026)
2–4× contrast gain vs. single aperture

Imaging nearby habitable zones

Fizeau resolution reaches the habitable
zone of every Sun-like star (d ≲ 6 pc)

Super-Earths to ∼ 2 R ⊕  at ∼ 30–50 μJy
in ∼ 100 hr — scheduled over 2026–2030

450 hr committed by UArizona + LBTO

Figure 1. Overview of GNOMIC and its driving science goal. Three developments — the quadruple annular groove phase
mask (Q-AGPM) coronagraph, the 13µm-cutoff GeoSnap HgCdTe detector, and co-phased Fizeau imaging with the two
8.4m LBT apertures — combine to reach the small angular separations and deep contrasts required to directly image
habitable-zone planets around the nearest single Sun-like stars. Representative performance figures for each component
are annotated. The science panel plots the Earth-equivalent (Seff = 1) habitable-zone angular radius — the “center”
column of Table 1, aHZ ≈

√
L/L⊙ au — versus distance for the target sample; symbol color encodes stellar effective

temperature, symbol size the expected thermal flux of a temperate ∼2R⊕ planet, and filled versus open symbols denote
stars that are observable from the LBT versus too far south (declination ≲ −30◦).

the mid-infrared highly complementary both to the reflected-light measurements envisioned for future flagship
imaging missions28,29 and to proposed mid-infrared space interferometers such as LIFE.7,11,30–32

2.2 The angular-resolution challenge

Ground-based N -band imaging faces two principal challenges. The first is the bright, fluctuating thermal back-
ground, which drives the need for tens of hours of integration per target, making independent second-epoch
confirmation demanding. This is handled with well-established techniques such as rapid chopping and nodding
and, going forward, the detector upgrade of Sec. 5. The second, and the focus of this section, is angular resolu-
tion. The habitable zone of a Sun-like star lies near 1 au, which even for the nearest stars (1.3–6 pc) subtends
only ∼0.1–1 arcsec (Table 1). Separating a planet from its star at these separations demands both a small
coronagraphic inner working angle and the highest possible angular resolution, which scales as λ/D. At 10µm
the diffraction limit is ≈0.3 arcsec for a single 8.4m aperture, ≈0.4 arcsec for the 6.5m JWST, but ≈0.1 arcsec
is currently achievable for the 22.7m edge-to-edge baseline of the LBT operated in Fizeau mode. Space-based
mid-infrared coronagraphy is correspondingly limited at small separations: the JWST/MIRI four-quadrant phase
masks have an inner working angle of ≈1λ/D (≈0.33 arcsec at 10.65µm), so a 1 au orbit is unresolved beyond
∼3 pc, restricting space-based habitable-zone imaging in the mid-infrared essentially to αCentauri.33–36 Large
ground-based apertures with high-performance coronagraphs therefore provide unique access to the habitable-
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HZ angular radius (arcsec) acen / element
Star Sp. type d (pc) L (L⊙) Dec. (◦) inner center outer λ/D FWHM LBT?

αCen A G2V 1.34 1.52 −60.8 0.69 0.92 1.62 8.4 11.2 No
αCen B K1V 1.34 0.50 −60.8 0.40 0.53 0.98 4.8 6.5 No
ϵEri K2V 3.20 0.32 −9.5 0.14 0.18 0.33 1.6 2.2 Yes
τ Cet G8V 3.65 0.52 −15.9 0.15 0.20 0.36 1.8 2.4 Yes
ϵ Ind K5V 3.64 0.22 −56.8 0.10 0.13 0.25 1.2 1.6 No
61Cyg A K5V 3.50 0.15 +38.7 0.088 0.11 0.22 1.0 1.3 Yes
61Cyg B K7V 3.50 0.085 +38.7 0.067 0.083 0.17 0.8 1.0 Yes
40Eri A K0.5V 5.00 0.46 −7.6 0.11 0.14 0.26 1.3 1.7 Yes
σDra K0V 5.76 0.45 +69.7 0.089 0.12 0.21 1.1 1.5 Yes
82Eri G8V 6.04 0.69 −43.0 0.11 0.14 0.25 1.3 1.7 No
Gmb1618 K7V 4.94 0.16 +49.8 0.065 0.081 0.17 0.7 1.0 Yes
HR7703 K2.5V 6.00 0.30 −36.2 0.072 0.091 0.18 0.8 1.1 No

Table 1. Habitable-zone (HZ) angular scales and LBT accessibility for the nearest Sun-like stars — the sample plotted
in Fig. 1. HZ radii are listed at three insolations, each scaled as a∝

√
L/Seff : the Earth-equivalent (“center,” Seff =1)

distance and the optimistic inner (recent-Venus) and outer (early-Mars) limits of Kopparapu et al. (2013).30,39–41 The
center radius is also given in LBT resolution elements — the 22.7m Fizeau λ/D≈0.11 arcsec and the finer central-fringe
FWHM (Deff =30.6m, ≈0.082 arcsec). The last column marks whether the star is observable from the LBT (declination
≳ −30◦); the five southern stars (αCenA/B, ϵ Ind, 82Eri, HR7703) appear as open markers in Fig. 1. Values are
approximate.

zone angular scales of a broader sample of the nearest Sun-like stars. Which of those systems are most favorable
has been quantified by Werber et al.,37 who modeled the direct mid-infrared detectability of Earth- to giant-mass
planets across the nearest FGK and BA stars — combining each planet’s predicted thermal emission with its
host’s luminosity, distance, and age — and used it to prioritize the most promising habitable-zone targets; the
nearest single Sun-like stars in Table 1 rank among the best.38

2.3 LBT as a pathfinder for the ELT era

The LBT is the only operating telescope that combines two 8.4m apertures on a common mount, and its 22.7m
edge-to-edge baseline makes it the closest existing analog of a 30m-class extremely large telescope. Demonstrat-
ing resolved mid-infrared habitable-zone imaging at the LBT now — with the Q-AGPM coronagraph and the
GeoSnap detector — directly matures the techniques and hardware planned for ELT/METIS, which is expected
to reach Earth-analog sensitivity around the nearest Sun-like stars in the next decade.10,38 The two upgrades
described below are the critical steps toward that goal.

3. THE LBTI/NOMIC INSTRUMENT

NOMIC images the 8–13µm thermal infrared at the combined focus of the LBT.12 Ground-based thermal-
infrared imaging and spectroscopy have a long heritage on 4–10m-class telescopes,42–44 which the LBT’s larger
collecting area and interferometric baseline extend to the angular scales of the nearest habitable zones. In its
original configuration the camera uses a Raytheon 1024 × 1024 Si:As impurity-band-conduction AQUARIUS
array with a 30µm pixel pitch, giving a plate scale of ≈0.018 arcsec pixel−1. The AQUARIUS array, however,
suffers from excess low-frequency noise (ELFN) that must be suppressed by rapid chopping, and its quantum
efficiency and well depth limit the achievable signal-to-noise in the high-background ground-based regime.12,45

A key enabler for the upgrades described here is a recently commissioned LBTI observing mode in which the
two 8.4m mirrors are used non-interferometrically as two telescopes focused onto the same detector, while the
interferometric beam-directing optics are used for rapid background tracking and suppression.20,21 This imaging
mode delivers higher sensitivity for a given exposure time and makes efficient use of both apertures. However, with
ELFN demanding a rapid chopping approach, this mode could not be effectively combined with Fizeau imaging
using the AQUARIUS array. A pilot survey without a coronagraph and with both sides operating independently
— the LBT Exploratory Survey for Super-Earths/Sub-Neptunes Orbiting Nearby Stars (LESSONS) — has met
its performance goals and demonstrated the feasibility,20,21 leaving a dedicated N -band coronagraph and new
detector as the principal missing ingredients for reaching GNOMIC’s peak performance.
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4. THE QUADRUPLE ANNULAR GROOVE PHASE MASK CORONAGRAPH

Here, we provide an overview of the Q-AGPM and its initial performance. The detailed design, manufacturing,
and lab-tested performance will be published in Forsberg et al. (in review).22

4.1 Principle and motivation

The annular groove phase mask (AGPM) is a focal-plane vector-vortex coronagraph formed by a circular, con-
centric subwavelength grating etched into synthetic diamond.46–48 Among the many stellar coronagraph archi-
tectures — from the classical Lyot coronagraph49 to band-limited50 and apodized-pupil Lyot51 designs — the
vortex is distinguished by a small inner working angle and near-unity off-axis throughput. The grating behaves
as a continuously rotating half-wave plate, imposing an optical vortex that diverts on-axis starlight outside
the re-imaged pupil, where it is rejected by a Lyot stop, while off-axis companions are transmitted with high
throughput. Diamond AGPMs have extensive on-sky and laboratory heritage — including the L′-band mask
offered at VLT/NACO, the N -band mask used for the NEAR campaign, the L- and M -band masks for LBTI,52

and the masks for the upcoming ELT/METIS instrument.47,53,54 The vortex’s throughput and its sensitivity to
low-order aberrations are well characterized,55,56 and the concept has demonstrated on-sky exoplanet imaging
at small angles.57,58 The AGPM offers a small inner working angle of ≈0.9λ/D — the off-axis separation at
which the coronagraph transmits half of a point source’s flux — with high off-axis throughput, set by a matched
cold Lyot stop that rejects the diffracted on-axis starlight.

Both NEAR and LBTI/NOMIC use AQUARIUS arrays, which are dominated by low-frequency noise. This is
mitigated in the observing approach by chopping the stellar position on the detector at ∼1–10Hz and differencing
frames. For a binary such as αCentauri the two stars can be nodded back and forth on one mask, but for a
single star, chopping on one AGPM would waste roughly half of the integration time. Placing two AGPMs
adjacent to one another and chopping the star between them recovers that efficiency. Because the LBTI imaging
mode uses both apertures, each of the two beams needs its own pair of masks — four AGPMs in total. This
is the motivation for the quadruple AGPM. In the Fizeau imaging mode that will be used with the GeoSnap
the star is no longer chopped. For Fizeau imaging, the four quadrants instead provide redundancy, allowing the
best-performing AGPM centers or detector regions to be selected, or a four-point nod to be averaged. Combining
the vortex coronagraph with Fizeau recombination is a novel configuration to be validated on sky. Because the
AGPM reshapes the pupil illumination downstream of the mask in a way that depends on the differing residual
aberrations of the two apertures, the fringe contrast — and hence the Fizeau gain — may be reduced, and the
realized benefit remains to be demonstrated.

A further advantage of implementing the vortex at LBTI is that the Q-AGPM sits downstream of an existing
cold pupil stop. In the NEAR experiment no cold stop could be placed ahead of the mask, so thermal emission
from the telescope structure was redirected into a bright halo around the vortex center, an effect referred to as
the vortex center glow.59 At LBTI this glow is suppressed, adding an estimated 20–30% in sensitivity at small
separations. The approach also builds on established heritage: LBTI already operates a 3–5µm double-AGPM
with matched Lyot stops for warm young exoplanets,52 so the alignment and cold-stop procedures for the N -
band quadruple mask are a direct extension of a proven configuration. Chopping, when used, is performed with
closed-loop cryogenic pupil mirrors located after the adaptive-optics wavefront sensor, so the correction is never
frozen during background measurement — a further efficiency gain over NEAR, which has to freeze its correction
for roughly half of each cycle.

4.2 Design and fabrication

The Q-AGPM places the four masks on a single 20mm-diameter, 300µm-thick polycrystalline diamond substrate
(Figs. 2 and 3a), which guarantees that all four masks share as nearly identical a process history as possible and
simplifies handling and mounting relative to four separate components.22 Within the usable ≈19.4mm aperture,
the four masks have individual diameters (and center-to-center spacing) of ≈8.04mm; outside the circular fields
of view the gratings are extended to fill each quadrant and are treated as non-critical. The grating was optimized
for the LBTI N ′ filter band (≈10.2–12.5µm) using rigorous coupled-wave analysis of the trapezoidal grooves,
with a fixed period of 4µm so that the grating remains zero-order down to ≈9.5µm (for diamond, n = 2.38);
an additional subwavelength antireflection grating was etched on the rear face, modeled to hold the backside
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(a) White-light image (b) Transmission map
Figure 2. The completed quadruple AGPM (dia-
mond substrate) installed at the CEA Saclay test-
bench. (a) Under white light the 20mm dia-
mond shows vivid diffraction colors from the four
subwavelength-grating AGPMs. (b) The measured
transmission map reveals the four AGPM centers,
the interfaces between quadrants, and the alignment
mark to the upper left.

(a) Mask layout (b) On-axis rejection spectrum
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Q1

Q2
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Figure 3. (a) The quadruple AGPM design: four annular groove phase masks etched on a single 20mm diamond
substrate.22 (b) Measured on-axis rejection ratio of the four quadrants versus wavelength after the depth-reduction
re-etch (November 2025 CEA Saclay data); the rejection climbs from ∼10 below the ≈9.5µm zero-order cutoff to 103–
104 across the N ′ science band (shaded), where the filter-weighted mean is ≈2300 (dotted). Panel (b) measured by
S. Ronayette and E. Pantin (CEA Saclay).

Coronagraphic Test-Bench Laser PSFs across the N band

Figure 4. Coronagraphic test-bench laser point-spread images of the four AGPM quadrants (Q1–Q4) at 8.0, 9.0, 10.5,
11.5, and 12.5µm (left to right); dashed circles mark the on-axis PSF positions, fixed from the 8.0µm panel. Below
the ≈9.5µm zero-order cutoff the quadrant PSFs are only weakly suppressed; across the N ′ band the on-axis star is
extinguished, leaving only the faint cold-density ghost to the left. Measurements by S. Ronayette and E. Pantin (CEA
Saclay).
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reflectivity below ∼1% across 10–12.7µm. Fabrication was carried out at the Ångström Laboratory, following
the process developed for the METIS N -band masks: silicon hard-mask deposition, electron-beam lithography,
solvent-assisted micromolding to transfer the pattern to diamond, and inductively coupled plasma etching, with
a parallel monitor sample cross-sectioned by scanning electron microscopy to calibrate the etch depth.22 The
grating geometry was optimized following the framework established for L-band diamond AGPMs.60

4.3 Cryogenic testing and performance

Wemeasured the Q-AGPM’s null depth on a cryogenic bench at CEA Saclay, using quantum-cascade-laser sources
spanning 8–12.5µm. An initial round of testing, fit against the simulated null-depth spectra, indicated that the
as-etched grating was slightly too deep. A controlled depth-reduction step (protecting the groove bottoms
with resist and etching the exposed tops in oxygen plasma, removing ≈1µm of depth) was then applied. In the
second, final round of testing (CEA Saclay, November 2025) the in-band rejection rose sharply: all four quadrants
reached on-axis rejection ratios of order 103–104 at 10.5, 11.5, and 12.5µm (Fig. 3b), in agreement with rigorous
coupled-wave modeling of the grating and corresponding to a filter-weighted rejection of ≈2300 (null depth
≈4.3× 10−4).22 Table 2(a) presents the Q-AGPM design and measured parameters. As expected, the rejection
falls steeply below the zero-order cutoff near 9.5µm. The same behavior is apparent in the coronagraphic test-
bench laser point-spread images taken at the best-rejection positions (Fig. 4): below the cutoff the four quadrant
PSFs are only weakly suppressed, whereas across the N ′ band the on-axis star is highly extinguished and only
the faint cold-density ghost remains. An unexpected ghost noted on quadrant Q4 was traced to likely surface
dust rather than a fabrication defect: the component has since been inspected and cleaned in a cleanroom —
four small pieces of foreign-object debris were removed from the coated face — and is now vacuum-sealed and
ready to be installed at the LBT.

5. THE GEOSNAP DETECTOR UPGRADE

The second upgrade replaces NOMIC’s legacy Si:As AQUARIUS array with a 13µm-cutoff Teledyne GeoSnap
detector, a longwave HgCdTe device read out by Teledyne’s GeoSnap-18 focal-plane module. A prototype
GeoSnap for the MIRAC-5 instrument on the MMT — among the first such mid-infrared arrays produced for
astronomical instrumentation — has been characterized in the laboratory and on sky and is now performing
routine observations.61 A GeoSnap detector will also be used in ELT/METIS.10 This successful demonstration
and synergy with future ELT instrumentation motivated procurement of a similar device for LBTI.45,62–66

5.1 Excess low-frequency noise and the case for HgCdTe

The principal obstacle to high-sensitivity Fizeau imaging with the AQUARIUS array is the excess low-frequency
noise (ELFN) intrinsic to the Si:As detector.67 Suppressing ELFN demands rapid chopping (∼10Hz), which is
fundamentally incompatible with interferometry: maintaining fringe lock requires the stellar image to be held
at a fixed position on the detector, whereas chopping repeatedly moves it. A detector free of ELFN therefore
unlocks the combination of long, stable integrations and closed-loop phase control that Fizeau imaging requires.
HgCdTe does not exhibit ELFN, so with the GeoSnap the star can be parked at a single location for several-
minute stares, interrupted only by ∼30 s telescope nods for classical background subtraction; the resulting ∼90%
on-source efficiency slightly exceeds the ∼85% delivered by the chopped AQUARIUS system.

Laboratory characterization of the MIRAC-5 GeoSnap array shows near-ideal noise behavior out to more
than a thousand co-added frames (several minutes).20,45 A ∼30% rise from residual 1/f noise appears after
a few tens of frames, but this is far milder than the factor of >5 noise growth exhibited by AQUARIUS over
comparable averaging. The HgCdTe quantum efficiency (QE; ∼0.8) also exceeds that of AQUARIUS (∼0.6),
but this improves sensitivity by only ∼15% (combined with the 1/f noise).45 The larger gains come from the
observing strategy that the ELFN-free detector enables — primarily the elimination of chopping. Taken together,
these detector-enabled factors give an otherwise NEAR-like configuration a factor of ∼2.3 in sensitivity.
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(a) Q-AGPM N ′-band coronagraph

Parameter Value

Coronagraph type Vector vortex (charge 2)
Substrate Diamond, 20mm× 300µm
Masks / substrate 4 (one per quadrant)
Grating period 4µm (subwavelength)
Zero-order cutoff ≈9.5µm
Optimized band N ′, 10.2–12.5µm
On-axis rejection 103–104 /quadrant
Filter-weighted mean ≈2300 (4.3× 10−4)
Inner working angle ≈0.9λ/D
Fabrication Ångström Lab, 2025

(b) GeoSnap-18 focal-plane array

Parameter Value

Detector material HgCdTe, 13µm cutoff
Array format 2048× 2048
Pixel pitch 18µm
Unit cell / readout CTIA, dual-gain, 14-bit ADC
Full-frame rate ≤ 85Hz
Integration efficiency > 97% at 30Hz
Quantum efficiency 75 / 85% (min/typ.)
Full well (hi/lo gain) 1.8× 105 / 2.6× 106 e−

ROIC read noise 40 / 400 e− (hi/lo)
Operating temperature ∼45K

Table 2. Parameters of the two principal upgrades. (a) Quadruple AGPM (Q-AGPM) N ′-band vortex coronagraph: design
parameters and cryogenic performance (fabricated at the Ångström Laboratory; measured at CEA Saclay, November
2025).22 (b) GeoSnap-18 focal-plane array parameters relevant to LBTI/NOMIC.

5.2 The GeoSnap-18 focal-plane array

The GeoSnap-18 module pairs the HgCdTe layer with a 2048 × 2048, 18µm-pitch read-out integrated circuit
(ROIC) built around a capacitive trans-impedance amplifier (CTIA) unit cell with two selectable gains. Its
snapshot-shutter, integrate-while-read architecture captures flux at nearly 100% duty cycle, and the module
provides a digital interface with an on-chip 14-bit ADC, programmable windowing, and anti-blooming. Table 2(b)
lists the parameters most relevant to high-contrast imaging, including its dual-gain full wells and read noise,
frame rates up to 85Hz, and 75–85% quantum efficiency. The detector has been delivered and will undergo
characterization at the Arizona InfraRed Detector Lab (AIRD Lab) over Summer 2026 before deployment to
LBTI.68

5.3 Expected sensitivity and error budget

Combined with Fizeau imaging, the background-limited sensitivity is expected to improve by a factor of ≳6
relative to NEAR for a given exposure time.21 This gain decomposes into its multiplicative contributions: a
factor of two from eliminating chopping, 1.45 from the 2.1× larger collecting area, 1.25 from the lower thermal
background at the high, cold Mount Graham site, 1.15 from the net quantum-efficiency improvement (the raw
∼33% QE gain is conservatively reduced by the residual 1/f noise),

√
3 from concentrating the Fizeau signal

into a three-times-smaller area, and
√
2 from noise terms present in NEAR but absent at LBTI (primarily the

central glow). These factors compound to a raw improvement of ∼10×, of which we conservatively adopt ≳6×.
NEAR reached an S/N=3 point-source sensitivity of ≈300µJy in 100 hours at a separation of three resolution
elements. The adopted gain, together with ∼100–200 hours of accumulated, multi-epoch integration, should bring
the S/N=3 limit to ≈30–50µJy, the predicted flux of a ∼2R⊕ temperate super-Earth around ϵEridani. Giant
planets are considerably more accessible, and are interesting targets due to prospects for detecting exomoons.69,70

The dominant uncertainty in this budget is the residual 1/f noise, measured on the MIRAC-5 GeoSnap and
conservatively estimated here at 30% of the photon noise. The interferometric terms are well constrained: the
differential tip-tilt jitter is ≈10mas RMS and the phase jitter ≈650 nm (0.37 rad at 11.11µm), both measured
with LBTI’s PhaseCam fringe tracker and predominantly on timescales longer than the 50–100ms NOMIC frame
time, so they can be removed by re-centering individual frames.20

5.4 Integration and commissioning

A feasibility study confirmed that the GeoSnap can be integrated into NOMIC with no redesign of the fore-
optics. The detector package (100 × 100 × 20mm) closely matches that of AQUARIUS, and a solid-model
mock-up shows that, mounted in place of the existing array on the NOMIC detector stage, it clears surrounding
hardware by at least 0.65 inch on all sides while picking up existing holes on the stage plate. A machined slot
and a ∼1m harness through the nearest cryostat pass-through, terminated in a potted feedthrough, route the
signals out of the Nulling and Imaging Cryostat (NIC). The relaxed operating temperature (∼45K versus ∼7K
for AQUARIUS) further eases integration. Commissioning is proceeding first in the laboratory — developing
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readout patterns and operations software and characterizing dark current and bias — after which the detector
will be installed in NIC during the 2026 Summer monsoon shutdown along with the Q-AGPM. An incoming
inspection of the delivered device was carried out, yielding no major concerns. Installation at the LBT is planned
for late Summer / early Fall 2026, with first light on sky by end of 2026.

5.5 Laboratory test cryostat

To characterize the GeoSnap and develop its operation ahead of installation, the program has procured a dedi-
cated closed-cycle test cryostat from Infrared Laboratories (Tucson, Arizona). A Sumitomo CH-208R cold head
with an F-70L water-cooled compressor cools the ∼12 inch-diameter by 22-inch anodized vacuum case, reaching
below 30K on the second-stage cold plate while holding ±25mK stability over an hour-long test cycle. The first-
and second-stage heat exchangers are oxygen-free copper and the radiation shield is gold-plated 6061 aluminum
with an Aeroglaze interior and interchangeable field-of-view baffles; two motorized, eight-position cryogenic fil-
ter/aperture wheels select among 1-inch optics. A device-under-test stage mounted to the second stage carries a
copper plate with a heater and temperature sensor and a pedestal that mates to the GeoSnap “Spider” package,
and the vacuum cover seals a 50.8mm window. The dewar lets us measure quantum efficiency, 1/f and read
noise, dark current, and operating temperature, and to exercise the readout electronics, before the detector is
integrated into NIC. After integration, further lab development is enabled by a bare MUX.

6. FIZEAU IMAGING AND HIGH-CONTRAST RESULTS

Both hardware upgrades are ultimately in service of high-contrast imaging in the LBTI Fizeau mode, whose
point-spread function sets the achievable resolution and contrast. In Fizeau mode the two 8.4m apertures are
co-phased across the 14.4m center-to-center baseline, so the combined point-spread function is the single-aperture
envelope multiplied by interference fringes with a period of λ/B ≈ 0.16 arcsec at 11µm (Fig. 5). The maximum
spatial frequency is set by the 22.7m edge-to-edge span, giving a central fringe as narrow as that of a ∼30m
filled aperture — roughly three times finer than a single 8.4m mirror. As the sky rotates relative to the pupil
over an observation, co-adding the frames synthesizes a nearly filled-aperture core that concentrates the planet
light while diluting the stellar speckle field. See also Isbell et al., in these proceedings.73

Co-phasing the two apertures improves point-source sensitivity in three distinct ways. First, in the background-
limited regime it concentrates the planet’s flux into a smaller PSF core, raising its signal against the sky back-
ground. Second, in the contrast-limited regime it concentrates that flux against the stellar speckle field, which
is itself suppressed in the dark valleys of the fringe pattern; because a planet samples many favorable fringe
positions over an observation, the predicted contrast gain ranges from ∼2–10× for exposures much longer than
the atmospheric coherence time to ∼10–100× for shorter ones, and is of order 10× for NOMIC’s ∼50ms N -band
coherence time.20,21 Third, the dark fringe valleys extend the effective inner working angle, enabling detections
inside the λ/D of a single 8.4m aperture, at separations of ∼0.15–0.3 arcsec — the habitable-zone scales of
ϵEridani and τ Ceti. This interferometric gain has now been demonstrated on sky. Using FFTCam,74 a new
fringe-tracking camera that replaces PhaseCam, we obtained a demonstration high-contrast Fizeau sequence
with LBTI: a 12.3-minute (on-source integration) M -band (4.77µm) angular-differential-imaging dataset on a
bright (m ≈ 4.3 at M band) star spanning 115◦ of field rotation.

Figure 6 shows the reduction sequence — the fringed Fizeau PSF, the unsubtracted derotated stack, and
the cADI and KLIP results — in which a spiral of injected point sources is cleanly recovered. After KLIP, the
reduction reaches an S/N=3 contrast of ∼6×10−4 at 0.2 arcsec, ∼6×10−5 near 0.35 arcsec, and ∼1×10−5 beyond
0.9 arcsec (Fig. 7). Relative to a single 8.4m aperture observed for the same time, the co-phased Fizeau reduction
improves the contrast by a factor of∼2–4 across this range — an empirical confirmation of the interferometric gain
at the separations relevant to habitable-zone exoplanet imaging. Although this demonstration used LMIRCam
at M -band, the same co-phasing and rotation synthesis apply directly to the N -band GNOMIC observations
planned with the Q-AGPM and GeoSnap. Two effects should make the N -band gains stronger still. First, fringe
stability improves at longer wavelengths — i.e., optical-path-difference errors are a fixed physical length, whereas
the residual phase error scales as a fraction of the wavelength. This especially enhances the gain in the contrast-
limited regions close to the star. Second, the background-limited regime is reached at smaller separations (in
units of λ/D), so the larger background-limited gain takes over closer to the star, though not in absolute angle
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Figure 5. The LBTI Fizeau point-spread function at N band (11µm), computed for the working pupil. Columns, left
to right: the instantaneous fringed PSF (fringe period λ/B ≈ 0.16 arcsec); the same PSF synthesized over 150◦ of field
rotation; a single 8.4m aperture; and a filled ∼30m aperture matching the Fizeau central-fringe width. Top row: each
panel normalized to its own peak (shape comparison). Bottom row: the same four on a common photometric scale (same
star and exposure, asinh stretch), with peak intensities annotated — co-phasing and rotation synthesis sharpen the core,
while the filled-aperture equivalent (peak ≡1) still concentrates the most light.

Figure 6. Reduced images from the demonstration high-contrast Fizeau sequence obtained with the new FFTCam fringe
tracker (a 12.3-minute LBTI/LMIRCam M -band, 4.77µm dataset spanning 115◦ of field rotation), with seven point
sources injected at separations of 0.15–0.87 arcsec (in steps of 0.12 arcsec) and contrasts, respectively, of 1.0, 0.70, 0.50,
0.38, 0.27, 0.20, and 0.14× 10−3. (a) The real fringed Fizeau PSF (cf. Fig. 5). (b) The unsubtracted, derotated stack, in
which the inner injected planets are buried under the stellar halo and its concentric diffraction rings. (c) Classical angular
differential imaging71 and (d) KLIP-ADI72 subtraction, which recovers the innermost injected source at 0.15 arcsec.

given the coarser resolution at N band. Finally, the reductions shown here use classical ADI and KLIP; dedicated
PSF-subtraction and planet-detection algorithms75–78 may offer additional gains at the smallest separations.

7. ROLE WITHIN THE BREAKTHROUGH WATCH PROGRAM

LBTI/GNOMIC is a central facility of the Breakthrough Watch program at the University of Arizona, a jointly
sponsored effort with Breakthrough Initiatives, the University of Arizona, and the LBT Observatory to carry out
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Figure 7. Sensitivity of the 12.3-minute M -band (4.77µm) Fizeau demonstration (a 3.2 Jy, m ≈ 4.3 target), compared
with the single 8.4m aperture βUMa. Top: the as-measured S/N=5 contrast (a) and the corresponding companion
apparent magnitude (b) versus separation, for the KLIP forward-model and independent injection–recovery, with βUMa
observed for 2.9 hr and scaled to the same exposure time. Light-blue shading highlights the contrast-limited regime
(< 0.5′′) in panel (a) and the background-limited regime (> 0.5′′) in panel (b). Bottom: the resulting gain over the
single-aperture observation. Contrasts are the as-measured S/N=5 sensitivities; the S/N=3 values quoted in the text
are ≈0.6× lower.

the deepest thermal-infrared search yet for habitable-zone planets around the nearest single Sun-like stars. Where
NEAR reached sub-Neptune sensitivity around the αCentauri binary — a system whose habitable zones can
stably host planets79 below current radial-velocity detection limits80 — the larger collecting area and resolution
of the LBT, combined with the Q-AGPM and the GeoSnap detector, are designed to extend the approach to
single stars and to lower planet masses.9,20,21 The program aims to complete a first census for super-Earth-sized
planets and for ice/gas giants that could host rocky moons within their habitable zones.20,21 Planet-occurrence
statistics from radial-velocity and transit surveys indicate that small and giant planets are common around Sun-
like and lower-mass stars,81–85 so a volume-limited search of the nearest systems is likely to yield detections. For
habitable-zone imaging the ultimate astrophysical noise floor is set by the level of exozodiacal dust. LBTI is
uniquely positioned here, having already measured the exozodi levels of the nearest stars through the HOSTS
nulling survey, and deeming our key targets to be feasible for deep exoplanet imaging.15,86,87

7.1 Primary and secondary targets

ϵEridani (K2V, 3.2 pc) is among the primary targets. It hosts a known radial-velocity giant of ∼0.7MJup near
3.5 au88 whose predicted N -band brightness of ∼0.3mJy makes it detectable within a few hours. Recovering it
directly would break the mass–luminosity degeneracy and provide early commissioning science.37 The system
may host additional, as-yet-undetected planets in or near the habitable zone, where super-Earths are predicted
at ∼30–50µJy — within reach of ∼100–200-hour integrations. τ Ceti (G8V, 3.65 pc), the closest single solar-type
(G) star and among the oldest (∼8–10Gyr), presents a habitable zone spanning ≈0.15–0.36 arcsec. Its radial-
velocity planet candidates remain unconfirmed,89,90 but astrometry indicates a possible wide, few-Jupiter-mass
companion at 3–20 au91 that would be directly imageable with LBTI. Its predicted habitable-zone super-Earths
(∼20–30µJy) are somewhat fainter than those of ϵEridani.37 61Cygni (K5V, 3.5 pc) has a habitable zone

11



(a)

Baseline
(NEAR+NOMIC)

No
chopping

Collecting
area

Thermal
backgd.

Quantum
eff.

Fizeau
conc.

Reduced
noise

0

2

4

6

8

10

Po
in

t-s
ou

rc
e 

se
ns

iti
vi

ty
 g

ai
n 

ov
er

 N
EA

R 
(×

)

1.0×

2.0×

2.9×
3.6×

4.2×

7.2×

10.2×

adopted (conservative): ≥ 6×

×2.0

×1.45
×1.25

×1.15

×√ 3

×√ 2

(b)

Figure 8. (a) A 4-hour LBTI/NOMIC N -band (10µm) demonstration on ϵEridani from the LESSONS pilot survey
(single aperture, no coronagraph): a 3mJy point source at 1′′ is recovered at S/N=3; the bar marks 1 arcsec. (b) Point-
source sensitivity budget for GNOMIC relative to NEAR: the multiplicative factors compound to a raw ∼10× gain, of
which we conservatively adopt ≳6× (Sec. 5.3).21,37

roughly twice as close in, at the edge of the LBT Fizeau diffraction limit. As a far-northern system it cannot be
observed from the southern hemisphere, leaving LBTI uniquely able to image its habitable zone among current
and near-term facilities. Procyon and additional bright nearby stars round out the sample as commissioning and
mass-sensitivity targets.

7.2 Pilot survey and multi-epoch strategy

The LESSONS pilot survey, carried out from 2020–2023, has already demonstrated the approach without a
coronagraph across a sample including several of the same stars (ϵEridani, τ Ceti, Vega, β Leonis, and others).
Operating a single aperture without a coronagraph, a 4-hour integration reaches an S/N=3 point-source sensi-
tivity of ≈3mJy at 1′′ (Fig. 8a), or ≈0.6mJy scaled to ∼100 hours. Adding the Q-AGPM is expected to bring
a single LBT aperture to roughly NEAR’s single-aperture depth, so the Fizeau and detector gains of Fig. 8b
and the resulting ∼30–50µJy habitable-zone estimate (Sec. 5.3) follow whether the projection is anchored to
NEAR or to this LBTI demonstration. With Fizeau imaging, the GeoSnap detector, and ∼100-hour integrations,
the program therefore projects sensitivity to rocky planets in the habitable zones of ϵEridani and other nearby
debris-hosting stars.21,37,92 Multi-epoch data from the campaign can be combined with the K-Stacker algorithm,
which recenters images along trial Keplerian orbits to recover faint orbiting planets below the single-epoch de-
tection limit; K-Stacker has already been applied to the 100-hour NEAR data set of αCentauri93 and is being
adapted to the case of LBTI Fizeau imaging.

7.3 Observing strategy and program status

The upgrade is supported by a guaranteed allocation of roughly 45 nights across the coming Fall observing
semesters, scheduled in a queue that gives the program the highest priority when conditions are suitable. Deep
N -band imaging demands excellent mid-infrared conditions — low precipitable water vapor, good seeing, and
cold temperatures — which an analysis of several years of Mount Graham weather indicates are met roughly
15% of the time. Short-term water-vapor forecasting is used to trigger the most demanding observations during
the driest nights (below 1mm of precipitable water vapor), which are the most sensitive. Accumulating ≳100
hours on a single target therefore requires many partial nights spread over several campaigns, which the multi-
year allocation is designed to deliver. Following the model established by NEAR, the data will be made public
immediately through the LBT Observatory archive, and the community is invited to work with the data.
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7.4 Complementarity with contemporaneous facilities

For the nearest stars the LBTI Fizeau mode reaches stellocentric separations several times smaller than JWST at
comparable wavelengths, making it the most sensitive facility for close-in, habitable-zone separations around these
targets until the next generation of 30m-class telescopes comes online.33 ELT/METIS is not expected to reach
full science operations until the early 2030s, and it and the LBT are hemispherically complementary — LBTI
can reach far-Northern targets such as 61Cygni that METIS cannot, while METIS can reach αCentauri and
other targets in the South.10,38 The GeoSnap upgrade also broadens the instrument’s reach beyond exoplanets:
it improves LBTI’s nulling sensitivity to exozodiacal dust by several times — enough to help retire the exozodi
risk to future space missions designed to image exo-Earths94 — and opens efficient L/M -band nulling as well as
extragalactic and solar-system programs for which the legacy AQUARIUS array was ill-suited.15

8. SUMMARY AND STATUS

We have described two complementary upgrades to LBTI/NOMIC. The quadruple annular groove phase mask
provides the camera’s first dedicated N -band coronagraph; by placing four AGPMs on a single diamond substrate
it matches the LBTI dual-aperture imaging mode and supports efficient chopping for a single star. The mask has
been fabricated at the Ångström Laboratory and characterized at CEA Saclay — reaching per-quadrant rejection
ratios of 103–104 across the N ′ band after a depth-reduction re-etch (mean ≈2300). The 13µm-cutoff GeoSnap
detector replaces the legacy AQUARIUS array with a higher-QE, larger-well-depth sensor that is crucially free
of excess low-frequency noise, enabling sensitive Fizeau imaging. A high-contrast demonstration Fizeau imaging
sequence, obtained on sky with LBTI’s new FFTCam fringe tracker, reaches an S/N=3 contrast of ∼1× 10−5,
demonstrating a factor of ∼2–4 contrast gain over an equal-time single aperture. Both upgrades are scheduled for
installation at the LBT in Summer/Fall 2026, with first light on sky by the end of 2026. On-sky commissioning
results and the BreakthroughWatch campaign observations will immediately follow. Together these upgrades and
the capabilities they enable are expected to deliver substantially deeper contrast at the small angular separations
corresponding to the habitable zones of the nearest single Sun-like stars, advancing the Breakthrough Watch
goal of imaging temperate planets in our immediate solar neighborhood.
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