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Abstract: The Navy Precision Optical Interferometer (NPOI) is one of the premier U.S.
long-baseline optical interferometric facilities, capable of providing sub-milliarcsecond imaging
in the visible. We outline a plan for NPOI for 2020-2030 that will cement its leadership as the
highest resolution optical system on the planet, with multi-kilometer baselines. This capability
will serve a wide variety of Astro2020 science needs, resolving the sizes and shapes of stars,
resolving AGNs, imaging protoplanetary disks, and observing the passage of exoplanets across
their stellar disks.
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1 Introduction
The Navy Precision Optical Interferometer (NPOI), a long baseline optical interferometer located
on Anderson Mesa, near Flagstaff, Arizona, is operated as a partnership between Lowell
Observatory, the Naval Research Laboratory (NRL), and the US Naval Observatory (USNO). It
features a Y-shaped layout with 250 m arms, telescopes that can be moved among 30 stations
along the arms, visible-band beam combiners, and a vacuum feed system to avoid ground seeing
and differential longitudinal dispersion.

NPOI currently operates with up to six telescopes simultaneously feeding the beam combination
laboratory with 12-cm effective apertures, on baselines (separations between the apertures) up to
98-m. NPOI’s beam combination is carried out in the visible, from 0.60 to 0.85 µm. This
combination of wavelengths and baselines gives a limiting resolution of ≈ 1.5 milliarcseconds
(mas). The current aperture size restricts on-sky operations to a limit of mV ∼ 6.5.

Funded upgrades being implemented in 2019 include three 1-m telescopes equipped with
adaptive optics, to be deployed on baselines up to 432 m. The 70× increase in light collection
should improve our sensitivity to mV ∼ 10. These facility details, originally detailed in
Armstrong et al. (1998) and updated in Armstrong et al. (2013) and van Belle et al. (2018), are
presented more completely in §3.1.

2 Key Science Goals and Objectives

2.1 Scientific Achievements to Date
The NPOI has been a mainstay of US optical interferometry efforts for the past 20 years. The
facility has played a key role in the development of techniques for:
• Characterizing the surface morphology of rapidly rotating single stars such as Vega

(Peterson et al., 2006b) and Altair (Peterson et al., 2006a)
• Imaging techniques for stellar surfaces (e.g., Jorgensen et al., 2014; Jorgensen, 2018;

Mozurkewich et al., 2019) and other exotic astrophysical phenomena, such as the
disk-eclipsed stellar surface of ε Aurigae (Kloppenborg et al., 2015)
• Direct determination of limb darkening for giant stars (Wittkowski et al., 2001)
• Imaging techniques for geostationary satellites (Armstrong et al., 2012; Schmitt et al.,

2012, 2014; van Belle et al., 2015; van Belle, 2016, 2017), including the first-ever optical
interferometric detection of these objects (Armstrong et al., 2010; Hindsley et al., 2011)
• Binary star system orbital mapping (e.g., Schmitt et al., 2009; Tycner et al., 2011; Hummel

et al., 2013)
• Multiplicity surveys at the limits of spatial resolution available today in optical observing

(Hutter et al., 2016)
• High-precision, high-accuracy astrometry of bright stars at the milliarcsecond level, as

found in the USNO NPOI Astrometric Catalog (UNAC) (Benson et al., 2010)
• Studying circumstellar disks and envelopes (Tycner et al., 2004, 2006)

NPOI has also been used to measure the angular diameters of many stars, including 50 late-type
giants and supergiants (Nordgren et al., 1999), 87 stars spanning dwarfs to supergiants (Baines
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et al., 2018), 10 stars with solar-type oscillations (Baines et al., 2014), and individual exoplanet
host stars such as ε Eridani (Baines & Armstrong, 2012) and κ Coronae Borealis (Baines et al.,
2013). Diameters measured with NPOI range from 17 mas (R Leonis; Schmitt, 2019, in prep.) to
0.783 mas (τ Boötis; Baines et al., 2018), and measured binary separations range from 1.25 mas
(Algol; Zavala et al., 2010) to 862 mas (ζ Herculis; Hutter et al., 2016).

All of these developments take place in a context of the eventual, inevitable development of
space-based interferometry (Rinehart et al., 2016). Absent a major return by NASA to
development of interferometry technology, continued independent research and development
work in the U.S. optical interferometry community is crucial for preserving and advancing the
state of the art in this area; NPOI has played an integral role in the development of supporting
technologies that fundamentally enable astronomical interferometry.

2.2 Science Frontiers

Figure 1: Possible baseline extensions for NPOI to
the north and east (along the flat portions of Ander-
son Mesa). Additional real estate is possible due east
of NPOI for improved {u, v} plane coverage.

One of the most potent applications
of NPOI, particularly as an expanded
facility over the next 10 years, is
towards the characterization and mapping
of disks at all spatial scales, including:
• Protoplanetary disks

and star formation disks. Probing
the spatial scales and morphologies
of young stellar disks can provide
fundamental insights into the
mechanisms of planet formation,
and has long been considered
one of the marquee science
cases for optical interferometry
(Monnier et al., 2019b).
• Active galactic nuclei. Kishimoto

et al. (2019) point out in their
Astro2020 White Paper that, with
50 µas resolution and a near-IR
limiting magnitude of ∼11.5, we
should be able to probe the dusty
torus sublimation region, down
to the broad line region of half
a dozen AGN – uncharted territory
for direct optical investigation
of these objects (see Figures
3a and 3b of Kishimoto et al.,
2019). Furthermore, Perlman et al.
(2019) indicate in their Astro2020
White Paper the need to combine optical and radio long baseline interferometry, in order to
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firmly link the jet acceleration zone and high-energy flares in these sources.
• And of course, resolved stellar disks. Of the nearly 600 science white papers submitted for

the Astro2020 Decadal Review, more than 100 advocate for increasingly robust
characterizations of stars, with a similar number advocating for exoplanet investigations.
Sub-milliarcsecond observations provide a unique opportunity to fundamentally constrain
the physical parameters of these stars or the environments they provide to their planetary
systems. We list a few of the frontiers of stellar astrophysics advocated in Astro2020:

– One of the marquee science cases for NPOI, particularly with extended baselines
(§3.3), is the time-resolved imaging of transiting extrasolar planets. This science
goal has been known to be theoretically possible for some time (van Belle, 2008) but
has yet to realized due to sensitivity and baseline limitations.

– At > 1 km baselines, optical interferometry has the potential to directly constrain the
entirety of the mass-radius relation for brown dwarfs, as directly advocated by
Burgasser et al. (2019).

– Direct measurements of fundamental stellar parameters are required to break
degeneracies in astroseismology model grids, as advocated by Huber et al. (2019).

– Precision effective temperatures are increasingly demanded for characterizing
extrasolar planet host stars (Hinkel et al., 2019).

– Increased sensitivity in radio interferometry with an enhanced VLA would provide
stellar observations at scales complementary to optical interferometry (Osten et al.,
2019); multi-wavelength observations would provide an integrated, expanded view of
these objects, just as they do with the Sun.

– Inhomogeneities in stellar photospheres potentially are a limiting factor in precisely
measuring stellar transmission spectra (Rackham et al., 2019) and can be characterized
through stellar surface imaging with long baseline optical interferometry.

– Over the next decade, an increasing number of time-domain targets will be identified
whose morphology can be seen to evolve spatially at the sub-milliarcsecond level
(Schaefer et al., 2019a), as already seen with Nova Delphini 2013 (Schaefer et al.,
2014). Mapping binary stars throughout their orbits can serve as a laboratory for
studying stellar masses, star formation, and stellar evolution (Schaefer et al., 2019b).

Additional topics have been identified by the community of long-baseline instrumentation
specialists and published in Astro2020 white papers1, identifying significant scientific advances
that can be made with further developments in high angular resolution. These topics include
extrasolar planet detection (Monnier et al., 2019a), stellar evolution (Rau et al., 2019; Ridgway
et al., 2019), stellar mass loss (Gies et al., 2019), stellar fundamental parameters (van Belle et al.,
2019), and stellar surface imaging (Roettenbacher et al., 2019).

3 Technical Overview

3.1 Current Capabilities
The design and implementation of NPOI Armstrong et al. (1998, 2013) distinguish it from other
operational (CHARA, VLTI) and under-development (MROI) arrays in several critical respects:

1For a selection of White Papers that advocate for LBOI, see http://chara.gsu.edu/wiki/doku.php?id=usic:astro2020
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• Visible light operations. Only NPOI was built from the ground up for visible light
operations.2 The visible-light design includes the vacuum feed system and, critically,
vacuum delay lines. All three of the current NPOI beam combiners, Classic, New Classic
(Jorgensen et al., 2016b) and VISION (Garcia et al., 2016), are six-way visible-light beam
combiners.
• Baseline bootstrapping. NPOI has been at the forefront of developing the underlying

techniques for baseline bootstrapping, which builds up long baselines from shorter baselines
(Jorgensen et al., 2016a). For extended objects, this approach uses high-SNR fringe
tracking on short baselines to coherently phase the array. A long synthetic integration time
can then be applied to the lower-SNR fringes on the longer baselines. An extension to this
approach being developed at NPOI is wavelength-baseline bootstrapping, where near-IR
fringe tracking on short baselines is used to phase up visible light fringes on long baselines.
• Coherent integration. In the low-SNR regime, fringe visibility SNR can be improved by

co-adding frames; however, implementation of this technique has been challenging in
practice. Our group has recently demonstrated success in this approach in the context of the
NPOI baseline architecture (Mozurkewich et al., 2019).
• Reconfigurability. NPOI’s location on the relatively flat, unobstructed Anderson Mesa

means that rapid repositioning of mobile apertures is easily achievable. This
reconfigurability has been used over the past 20 years to provide baselines as short as 4 m
and as long as 98 m.
• Long baselines. With the 250 m arms of its existing Y-shaped layout, NPOI can provide

the longest baselines in the world, up to 432 m, roughly 30% greater than CHARA or
MROI, and nearly twice the longest VLTI baseline.
• Observing season. Summer is the prime observing season at CHARA, while the winter

weather is usually uncooperative. Summer is monsoon season in Arizona, but winter
conditions at NPOI are favorable, giving NPOI the best access to the northern winter skies
among operational interferometers.

3.2 Funded Upgrades
• Next-generation narrow-angle tracker. The current tip-tilt angle tracker and its mid-90’s

era APD quad cell limit the operation of the new fiber-fed VISION instrument; we are
transitioning that facility service to a modern EMCCD-based design.
• Near-infrared fringe tracker. As detailed in Armstrong et al. (2018), a J- to H-band

fringe tracker is being added to the NPOI facility. Its primary purpose is to track fringes in
the near-infrared, and by so doing, extend significantly (but not indefinitely) the coherence
time in the visible. By providing coherence times for our visible light instruments in the
∼2-second range, this fringe tracker is expected to increase our limiting magnitude in the
visible to ∼ 14th mag (see discussion in §3.3.1 and Table 1).
• PALANTIR. The need for increased sensitivity at NPOI will be met primarily by increased

aperture size. The PALANTIR (Precision Array of Large-Aperture New Telescopes for
Image Reconstruction) project3 is taking the first steps by adding three moveable,

2Actually, from beneath the ground up, considering the amount of subsurface concrete and rebar.
3https://lowell.edu/lowell-observatory-lead-3-25-million-project-upgrade-telescope-array/
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AO-enhanced 1.0-m PlaneWave Instruments PW1000 telescopes to the facility (van Belle
et al., 2018). This funded upgrade expects to see first light by fall of 2019 and will include
short (8-m) and long (432-m) baseline options for the telescope stations.

3.3 Future Directions
Following on the technology drivers discussed in §4, we foresee an ambitious plan of facility
upgrades that take advantage of the inherent opportunities of the facility (§3.1). These upgrades
will allow the full realization of optical interferometry at this particular site and will open up the
multiple areas of discovery space presented in §2.2.
• Extended baselines. NPOI is situated at Lowell Observatory’s Anderson Mesa dark-sky

site, roughly 12 miles from Flagstaff, Arizona. Anderson Mesa’s flat, bare topography
means that baseline extensions of roughly 1.5-km for both NPOI’s north arm and east arm
are physically possible, for a longest baseline of 2.6-km (Figure 1).
• Increased sensitivity. Increased aperture size, first at the 1.0-m scale, and ultimately in the

2.5-m range, will leverage and extend the utility of the considerable facility infrastructure.
These improvements will markedly improve the sensitivity of the facility (Table 1).

3.3.1 Limiting Magnitude: Fringe Tracking and Adaptive Optics

Tracking interference fringes is at the heart of any interferometer, particularly one peering through
the Earth’s turbulent atmosphere, so a detailed examination of performance is warranted. For a
source of magnitude mλ, the number of detected photons per integration frame per aperture is:

Ni = Fλ,010−mλ/2.5π(Di/2)2t0V
2
objTQ(∆λ/λc)/s1 (1)

where Fλ,0 is the source flux for a zero-magnitude star at the bandpass λ; Di is the diameter of
aperture i; t0 is the integration time; V 2

obj is the object visibility; T is the throughput to the
detector; Q is the detector quantum efficiency; ∆λ/λc is the fractional bandpass for the band in
question; and si is the number of beam splits for recombination, which for pairwise combination
(for nearest-neighbor fringe tracking) is 2. The integration time t0 is matched to the expected
coherence time for the observational wavelength; for V -band observations, t0 is expected to be
5 ms on reasonable nights, and scales as λ6/5.

The relevant noise has three sources: thermal, sky, and read noise. The detected thermal
background photons per integration frame per aperture, BT , and sky background S can be
computed as well:

BT = t0Qe(∆λ/λc)P , with P =
2hc2

λ5
1

ehc/λkBT − 1
; S = t0Qe(∆λ/λc)TA (2)

where e is the entendue (simply 1 in this case), and P is the familiar Planck function, including
the Planck constant h, Boltzmann constant kB, ambient temperature T , and speed of light c; A is
the air glow rate: for V, J,H,K bands, respectively, it is 0, 910, 9,700 and 14,000 counts/frame.
Additionally the count rate due to read noise is R = 4× rn2. Thus, the total noise Nn and
signal-to-noise ratio SNR are

Nn =

√
N1 +

BT + S

s1
+N2 +

BT + S

s2
+R, SNR =

4

π

√
2N1N2

√
St1St2

Nn

(3)
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where Stx is the Strehl ratio for aperture x. The Strehl ratio is a measure of wavefront quality,
ranging from 0 (fully aberrated) up to 1 (unaberrated), and scaling roughly as the rms deviation σ
of the wavefront phase over the aperture: σ2 = 〈(φ− φ)2〉, and St ≈ e−σ

2 (Strehl, 1902; Mahajan,
1983). We adopt the published performance numbers of the Robo-AO adaptive optics system
(Baranec et al., 2014) as an existence proof of turnkey AO; namely St = 26% at 762 nm with a
limiting magnitude of mV < 16 and highly efficient operations (<1 minute acquisition time). As
with coherence time, the Strehl ratio is expected to scale as λ6/5; for StB = 14% and StK = 93%
at B- and K-band, respectively.

Read noise numbers are set to the performance seen in the visible for detector systems commonly
available (e.g., electron-multiplying CCD cameras), which are quite good (1 e−). In the
near-infrared, the First Light Instruments C-RED 2 InGaAs camera is baselined for our current
1-m upgrade, with its reasonable near-IR performance (10 e− read noise with multiple reads), and
the even better sub-electron read noise FLI C-RED 1 MgCdTe camera is proposed for a system
upgrade during the next decade. For a given SNR target, we can solve Equations 1 through 3 for
mλ to establish a limiting astronomical magnitude, accounting for detector performance issues
(particularly read noise), background (which becomes an issue only at K-band), and atmosphere
(including single-aperture Strehl ratio and integration time).

We set that SNR target to 3 when considering our long imaging baseline; this in turn sets the
fringe-tracking SNR, which has to increase upwards due to two factors. First, fringe tracking
errors scale linearly with λ (Glindemann, 2011); for going from B-band to K-band, this
corresponds to a factor of 4.9×; for going from V to H , as in current upgrade effort, this
corresponds to a factor of 3.6×. Second, the same errors accumulate as the square root of the
number of short baselines (

√
N ) along a long baseline, which corresponds to factors of 2.8× for

our proposed evolution of the array to 8 large telescopes.

Given this computational framework, we can compute the limiting magnitudes for two
architectures – a 3 × 1.0-m PALANTIR upgrade and a notional 8 × 2.5-m ‘Disk Explorer’ NPOI
of the 2030 era – for near infrared fringe tracking and for stabilized visible fringe integration with
long synthetic coherence times (∼ 1.5− 2.0 sec), on a low-visibility (i.e., resolved) target
(Table 1).

3.3.2 Imaging Integration Times

For the consideration of integration times, the previous section has dwelt primarily upon the times
associated with real-time tracking considerations – effectively the atmospheric coherence times.
However, for the purposes of image reconstruction, it is necessary to consider the times associated
with collecting enough object data for image reconstruction. From our experience with the
Palomar Testbed Interferometer (PTI), each individual observation sufficient for an astrophysical
measurable comprised 2,500 to 12,500 samples of 0.010-sec, each with SNR ≈ 5− 10, which
was collected over the course of a single scan of 125-sec duration (Colavita, 1999).

We can scale this experience in two ways to arrive at an empirically-based estimate of observation
time for a single imaging data set. First, in the worst case (i.e., a faint, heavily resolved target),
the individual samples will be not 0.010-sec in duration, but 1.5 to 2-sec in duration (see the
visible-light integration times of Table 1). Second, the operation of NPOI is significantly more
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Parameter Units 8-way × 2.5-m NPOI 3 ×1.0-m Notes
K-band B-band H-band V -band

Wavelength µm 2.22 0.44 1.65 0.55
Aperture size m 2.25 2.25 1.00 1.00

Aperture Strehl 0.93 0.10 0.95 0.25
From modern visible AO systems
(e.g., Baranec et al., 2014)

Splits 2 7 2 2
Integration time sec 0.010 2.000 0.008 1.500
Read noise e− rms 1 1 10 1 As appropriate for detector system
Optics temperature K 290 290 290 290 Ambient room temperature
Optics emissivity 0.33 0.33 0.33 0.33 After 20 reflections at 0.98
Object V 2 0.50 0.01 0.12 0.01 for a resolved target
Throughput to detector 0.67 0.67 0.67 0.67 20 reflections at 0.98
Detector QE 0.7 0.7 0.7 0.7
Baseline maximum m 2,600 432
Resolution µas 43 321
SNR 46.49 3.0 24.4 3.0
Magnitude Limit 11.5 14.5 9.3 14.8

Table 1: Expected performance of systems with pairwise near-infrared fringe tracking for N -way
visible science imaging: either 8× 2.5-m apertures for full evolution of the array, or 3× 1.0-m for
our currently funded efforts.

multiplexed than PTI – a six- or eight-way interferometer gathers image information at a
markedly greater rate than a two-way interferometer. For the purposes of this discussion we will
consider only the visibility and closure phase data products: the former scales as
Nvis = (NT)(NT − 1)/2, the latter scales as NCP = (NT − 1)(NT − 2)/2. PTI collected one
solitary visibility per sample, while in six-way operation NPOI collects 15 independent
visibilities and 10 independent closure phases per sample – a factor of 25 improvement. If we aim
for 5,000 samples for a single imaging data set, our integration time works out to be
5, 000× 2-sec/25 = 400-sec – slightly under ten minutes in the worst case.

This empirically-rooted analysis of integration time is consistent with more theoretical derivations
of integration times; our work in Jorgensen et al. (2011) discusses this in some detail (along with
the companion manuscripts Mozurkewich et al., 2011; Schmitt et al., 2011). In particular, Figure
8 of Jorgensen et al. (2011) shows for a V = 12.5 object, a SNR of 5 can be achieved in 1 hour
for a heavily over-resolved (V 2 ≈ 0.005) object. It is a conservative estimate, in that it does not
anticipate potential gains from wavelength dispersion of the observational data (a further
multiplexing factor relative to the broad-band PTI example).

4 Technology Drivers
One of the key developments over the past 10 years of current long baseline optical
interferometry is its maturity. Long-baseline optical interferometry is now routinely used for
tasks significantly more advanced than simple stellar diameters, including complex tasks such as
stellar surface imaging (e.g., Roettenbacher & Vida, 2018). Within that context, there are a
number of key technologies that would further extend the capabilities of optical interferometers in
general, and specifically NPOI.
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4.1 Aperture upgrades
Element # Cost per Subtotal Total
PALANTIR-lite (funded) $3,260
PALANTIR-full $10,920
1-m Telescopes, enclosures 3 $950 $2,850
AO 6 $400 $2,400
Stations: civil, vacuum 9 $350 $3,150
Site perimeter 1 $200 $200
Software dev: ops s/w 2 $250 $500
Reserve 1 $1,820 $1,820
Exoplanet Shadow Imager $21,907
1-m Telescopes, AO, enclosures 2 $1,350 $2,700
Stations: civil, vacuum, power 9 $400 $3,600
Stations: vacuum infrastructure 2 $250 $500
Civil work: pipes, posts 1 $1.00 $1,850
Site perimeter: fencing, road 1 $1.00 $800
New beam combination building 1 $5,000 $5,000
Next-gen FDLs, LDLs 8 $400 $3,200
Software dev: ops s/w 3 $250 $750
Reserve 1 $3,507 $3,507
Disk Explorer $14,100
2.5-m Telescopes, enclosures, AO 8 $1,500 $12,000
Reserve 1 $2,100 $2,100
Operations 10 $2,200 $22,000

Total costs: 2020-2030 $68,927

Table 2: Summary of costs for a fully developed NPOI facility, 2020-
2030.

Substantial efforts are
being made in developing
low-cost, large apertures,
both within the NPOI user
community and in other
groups. These apertures
fit an economic trade
space niche appropriate
for use with optical
interferometry, where
field-of-view is greatly
relaxed in return for low
cost. Such apertures would
be mechanically toleranced
in a highly relaxed manner,
reliant upon high-order
AO to compensate not just
for atmosphere but also for
the mechanical structure
at the 10’s of microns scale
(rather than the nanometer
scales typically associated
with optical structures).
They would be fully
AO-corrected over only a few PSFs. We anticipate that 2.5-m scale mobile, integrated AO
(MIAO) telescopes can be achievable within this paradigm for a cost of ∼$1.5M, inclusive of
their optics, mounts, housing, control electronics, and AO systems4.

4.2 Advanced beam transport
Extended baselines will potentially require new developments in beam transfer, including
advanced pupil management (Mozurkewich et al., 2016), fiber beam transport (Woillez et al.,
2014), and possibly beacon-corrected free-space propagation that builds on the demonstrated
Sky-Lab AO system of CHARA (ten Brummelaar et al., 2018).

4.3 Advanced beam delay
The venerable delay line carts of NPOI have an impressive pedigree, hailing from a heritage of
multiple generations of JPL-family delay line technology that includes the Mk I/II/III (Shao et al.,
1988; Colavita et al., 1992), PTI (Colavita et al., 1999), Keck (Colavita et al., 2013), CHARA (ten
Brummelaar et al., 2000), and NPOI (Colavita et al., 1991) facilities. However, despite productive

4Technical considerations for these apertures are discussed in more detail in the Astro2020 APC White Paper,
“Setting the Stage for the Planet Formation Imager”, J. Monnier et al.
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efforts to modernize the underlying real-time control infrastructure (van Belle et al., 2018),
substantially longer baselines will demand an even more capable design that takes full advantage
of 25 years of advances in optomechanics. MROI has demonstrated a prototype next-generation
delay line cart (Haniff et al., 2008; Fisher et al., 2010).

5 Organization, Partnerships, and Current Status
The current science partners for NPOI include the Lowell Observatory, NRL, and USNO. NPOI
is currently supported operationally by these partners at the 50% level, operating on-sky three to
four days per week. NPOI also enjoys technical contributions from New Mexico Institute of
Mining and Technology (New Classic), Tennessee State University (VISION), Seabrook
Engineering (the new angle tracker and near-infrared fringe tracker), and scientific collaboration
with Central Michigan University.

On a national level, NPOI members participate in the MUSIC (Members of the U.S.
Interferometry Community). This participation has included a coordinated, community-wide
response to the 2010 (Creech-Eakman et al., 2009) and 2020 decadal reviews. Internationally, the
Commission on Optical Interferometry (formerly IAU Commission 54) continues to coordinate
between the US community and groups worldwide, including the ESO VLTI community and
groups in Australia, Japan, and elsewhere. This coordination has included the development of the
OIFITS data exchange standard, which was originally led by NPOI personnel (Pauls et al., 2004,
2005; Young et al., 2008; Duvert et al., 2017).

6 Schedule
Current Operations. At present, NPOI is operational on-sky, using its existing complement of
12-cm light collection elements, vacuum beam routing pipes, fast delay line carts (FDLs), and
Classic/New Classic/VISION beam combiners.
2017-2020: PALANTIR-lite. As discussed in §3.2, the PALANTIR upgrade is being
implemented at NPOI as an initial step towards improved sensitivity and angular resolution. This
upgrade is funded by NRL, and was awarded to Lowell (van Belle, 2017). This first step towards
improved sensitivity and longer baseline operations will see first light in fall 2019.
2020-2023: PALANTIR-full. The full realization of the PALANTIR project will add an
additional three 1.0-m telescopes along the existing array arms, for a full complement of six (to
feed the six-way combiners at NPOI) on baselines up to 432-m. These apertures will be
augmented with commercial AO, and see full telescope station implementation with vacuum
beam pipe extensions from the telescopes to the feed pipes for optimum beam transport. The full
PALANTIR project will allow for near-infrared fringe tracking at H < 9.5, enabling an extended
synthetic coherence time for highly sensitive V -band operations.
2023-2026: Exoplanet Shadow Imager. Adding two 1.0 m telescopes to bring the complement
to 8× 1.0 m, extending the north and east arms to 1.5 km to provide baselines up to 2.6 km, and
making full use of baseline-wavelength bootstrapping will enable us to image transiting extrasolar
planets, one of the leading science cases for optical interferometry. Extending the NPOI to
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Exoplanet Shadow Imager (ESI) capability will call for a new beam combination building as well
as next-generation delay lines.
2026-2029: Disk Explorer. The development of low-cost low-precision apertures will enable an
upgrade of NPOI/ESI to 8× 2.5 m and a further increase of ∼ 2 mag in sensitivity to ≈ 11 mag or
better at K-band (see Table 1), making it possible to image planet-forming disks, as well as
AGNs, at the ∼ 100µas level.
2029-2049: Full operations. Post-2020’s, the NPOI facility will be poised for an envisioned
observatory lifetime of 20 years of operations, as well as a home for professional development of
astronomers ready to take advantage of the ‘Vision’ era envisioned in NASA’s ‘Enduring Quests
Daring Visions’ report (Kouveliotou et al., 2014).

7 Cost Estimates
Cost estimates for NPOI during 2020-2030 are summarized in Table 2.
Operations funding. An assessment of NPOI current operations across the Lowell/NRL/USNO
partnership indicates that annual, fully funded on-sky operations are roughly $2.2M per year.
PALANTIR-lite. Funding for the pilot PALANTIR project, adding three 1.0-m telescopes to feed
the existing NPOI infrastructure, has already been awarded by NRL to Lowell, at a level of
$3.26M (and is not included in the assessment of 2020-2030 costs for the array). This is primarily
a proof-of-concept effort, and has limited investment in prototype AO systems, beam routing, and
telescope stations.
PALANTIR-full. To fully realize the potential of 1-m apertures with the existing NPOI facility,
three additional 1.0-m telescopes are budgeted, along with high-performance commercial
adaptive optics, extension of the vacuum beam transport infrastructure to new telescope stations,
and updated operations software.
Exoplanet Shadow Imager. Costs associated with expanding the NPOI facility infrastructure
from the existing site with three 250-m baselines to one with two of the arms extended to 1,400-m
are budgeted here. These costs are primarily for civil engineering work, extended vacuum beam
transport, and a new building with longer, next-generation delay lines (necessitated by the new
longer baselines). Two additional 1-m telescopes are also budgeted here for rapid switching
between subgroups of six (of the eight) 1-m apertures, allowing efficient collection of {u, v}
plane data.
Disk Explorer. The only cost element for this final stage of fully realizing the potential of the
facility is the implementation of eight 2.5-m MIAO telescopes, which should be a straightforward
swap-out for the previous apertures.
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