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ABSTRACT. The Orbiting Configurable Artificial Star (ORCAS) mission in collaboration with the
W. M. Keck Observatory has designed, assembled, built, and delivered, within 180
days, ORCAS Keck Instrument Demonstrator (ORKID) (ORCAS Keck Instrument
Demonstrator), an early visible-wavelength performance demonstration with the
Keck II Adaptive Optics (AO) system. The optical performance of ORKID meets
the technical requirements derived from the scientific goals of having a Nyquist-
sampled point spread function at 650 nm. This is achieved by diffraction-limited
as-built performance with a root mean square internal wavefront error below
50 nm, which is key for the advancement of the ORCAS mission. ORKID has
acquired, with a closed AO loop, no frame selection, while shifting and adding, the
sharpest-ever on-sky image captured at Keck II. With a full width at half maximum of
∼15 mas, this is the equivalent of a 9-m diffraction-limited telescope. By doing so,
the immense potential and viability of the proposed Hybrid Observatory ORCAS
mission are demonstrated.
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1 Introduction
The Orbiting Configurable Artificial Star (ORCAS) mission1–5 is a first-of-its-kind hybrid space
and ground observatory. It aims to complement and enable, at a SmallSat budget, new science
accessible to future flagship-class missions over a decade from now (Fig. 1). This science would
be enabled by the unprecedented angular resolution and sensitivity provided by ORCAS-enabled
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Adaptive Optics (AO)-corrected observations with large ground-based telescopes.6 The ORCAS
mission would provide a bright point source for AO wavefront sensing, tuneable across a large
range of magnitudes (0th through 8th) and wavelengths (532, 778, 1064, and 1550 nm), allowing
correction at visible and near-infrared (NIR) wavelengths with the W. M. Keck Observatory
(WMKO) AO systems.7,8 The low-cost ORCAS mission operating in collaboration with the
WMKO would provide Great Observatory quality capabilities (in the league of major space tele-
scopes) open to all US observers via a community-driven observation plan. These observations
would result in unique science for the mission while also complementing and extending the
science capabilities of Hubble Space Telescope (HST), James Webb Space Telescope
(JWST), Roman, and other potential future missions.

Observations from space with Hubble, and now JWST, leverage their angular resolution and
sensitivity abilities to perform major discoveries about our universe. These observatories rely on
large ground observatories for follow-up observations. Telescopes such as the Keck Observatory
rely on Adaptive Optics (AO) to partially correct the atmospheric turbulence that blurs their
images. There are two primary methods to perform AO observations: (1) Natural Guide
Stars (NGS) and (2) Laser Guide Stars (LGS). If a star of suitable brightness is within the vicinity
of a desired science target, the observatory can lock on to it to perform corrections. NGS typically
delivers the highest Strehl ratios, but the bright light from the guide star hinders the contrast.
However, 99% of the sky is out of reach for NGS because there is a limited number of suitable
stars. In the absence of a bright star near the chosen science target, the observer can create an
artificial star by pointing a sodium (Na) laser, which excites the sodium layer. LGS observations
suffer primarily from the Cone Effect, where the atmospheric turbulence affecting a star’s wave-
front is cylindrical, but the wavefront measured by the LGS is conical. As a result of that, among
other reasons, only a partial correction can be performed.8 The ORCAS mission can push the
boundaries of ground-based AO observations by (1) providing a bright enough “artificial” NGS
near any science target and (2) rejecting the bright laser from the ORCAS payload with a narrow-
band filter to maintain high contrast.

Fig. 1 Predicted angular resolution versus wavelength of selected future space missions/observa-
tories. The region marked in red was predicted by the ORCAS mission as of 2020, the star indi-
cates the ORKID system performance depicted in this paper. Predicted project budgets are
provided for context. Notice that in principle a guidestar can be used by many other ground stations
such as ELT/VLT/Subaru, for each one a different region of increased performance can be esti-
mated. All data from previous and upcoming missions are drawn from their respective mission and/
or instrument reports.
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The ORCAS Keck Instrument Demonstrator (ORKID) project, a technology demonstrator
for the ground segment, was developed to show the visible-wavelength performance potential of
a bright source with the Keck II AO system, which is part of a three-stage technology develop-
ment program effort which also includes AO imaging science targets with asteroids as moving
guide stars and ultimately the usage of laser-carrying spacecraft operating in conjugation with
Keck AO system. This demonstration (ORKID) has been successfully achieved with 15.2 mas
full width at half maximum (FWHM) images at 650 nm. Two NSF-funded upgrades to the Keck
II AO system are underway which will reduce the fitting error (replacing the current 349-actuator
deformable mirror with a 2844-actuator deformable mirror) and bandwidth error (replacing the
real-time computer with a machine capable of 1 ms control iterations9) of the current system,
facilitating higher performance when using bright guide stars. Another ORKID demonstration
underway is the use of moving asteroids for AO correction and implementing tracking wavefront
sensors to keep a background target fixed on the science instrument, as well as post-processing of
the data. These demonstrations will advance the ground system’s operational and technological
readiness level to the adequate level to propose the ORCAS mission. Ultimately, the ORCAS
mission will provide the Keck II AO system with the capability to access “locked regions” of the
night sky (i.e., regions of interest without access to nearby bright NGS) and near diffraction
limited performance at a wide range of wavelengths.

In this paper, we establish the scientific and programmatic goals for ORKID in Sec. 2, for-
mulate the instrument engineering requirements in Sec. 3, provide details of the optical and
mechanical design of the instrument in Sec. 4, and conduct performance analysis in Sec. 5.
Finally, we share preliminary on-sky results in Sec. 6 while leaving a detailed characterization
of the visible-light AO performance and other instrument parameters for future work.

2 Scientific and Programmatic Goals

2.1 Science
Here, we highlight the primary science cases for ORKID, broken up into four main groups: solar
system in Sec. 2.1.1, binary stars in Sec. 2.1.2, and accreting exoplanets in Sec. 2.1.3. For addi-
tional context, the full ORCAS mission science traceability matrix (STM) please see the ORCAS
AS3 report.6

2.1.1 Solar system science

In the decades since the Voyager spacecraft flew past Neptune and Uranus,10,11 the two planets
have changed significantly. Uranus, initially devoid of significant cloud features, has revealed
several large cloud features because the planet’s north pole came into view.12 Most intriguing are
the polar cloud features, which have been detected in the H-band (1.63 μm), which can be dis-
cerned if the spatial resolution is high enough.13 Neptune, on the other hand, has demonstrated a
continuous evolution, with dark spots and huge storms (i.e., extremely bright clouds) infre-
quently appearing and disappearing.14,15 Understanding the atmospheric dynamics that cause
these features is a key step in understanding the detailed atmospheric structure of these planets,
and progress can only be made through multi-wavelength (and hence multi-pressure-level)
monitoring.

Ground-based observations in visible wavelengths would bring a wealth of additional infor-
mation to ground-based NIR observations because different atmospheric depths are probed at
different wavelengths. ORKID will enable monitoring of the two planets in and out of the meth-
ane band at wavelengths 889 and 643 nm, respectively. The contrast between clouds and back-
ground is highest at 889 nm, where we probe near the tropopause, whereas deeper layers are
probed at 643 nm. This data can be compared with NIR images and extend wavelength (i.e.,
altitude) coverage of previous Keck data.

Titan’s atmosphere consists primarily of N2 gas with a few percent CH4. Because Titan’s
surface temperature is close to the triple point of CH4, this compound behaves such as water on
Earth. A dense haze layer, produced via photolysis of CH4, prevents probing the surface, except
at a few wavelengths in the infrared (IR) and at 940 nm. ORKID will observe both at 889 and
940 nm to probe both the atmosphere and surface, respectively. It is expected that these
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atmospheric and surface maps will produce the highest resolution features since Cassini,
allowing us to search for changes in time.

Io is the most fascinating satellite; it is the most volcanically active body in our solar system
and the only body with an SO2-dominated atmosphere. Numerous volcanic eruptions have been
detected at NIR wavelengths through hot spot (hot lava) emissions (e.g., Ref. 16). Several space-
craft missions have detected plumes associated with some hot spots, either directly and/or
through changes in color on the satellite’s surface. ORKID could potentially characterize
changes on Io’s surface as well as observe plumes directly.

Finally, due to the higher spatial resolution with Keck in the visible than the NIR, ORKID
observations could include small bodies, such as asteroids and Kuiper Belt objects, which would
allow for excellent shape determination and detection of moonlets and rings.

2.1.2 Binary stars

With the high spatial resolution afforded by ORKID in the visible spectrum, new stellar binaries
can be imaged and the orbits of known binaries have the potential to be monitored with higher
astrometric precision as compared with the IR. This could benefit a range of binary star science
cases, including the dynamic measurement of stellar masses. Here, we motivate one impactful
binary science case: the estimation of the ages of young moving groups.

To determine robust masses for imaged substellar companions, it is essential to have a well-
defined age for the system. The host stars of most imaged planets to date reside in nearby young
moving groups. A common method to determine the age of a young moving group is to use the
Hertzsprung-Russel (HR) diagram position of the stars in the group combined with models of
stellar evolution to find a best-fit age for all stars in the group. Measuring dynamical masses of
moving group binary stars presents an opportunity to improve on this method, as they eliminate
the degeneracy between mass, metallicity, and age in the color-magnitude diagram.17 By com-
bining resolved photometry and dynamical mass measurements, one can use a consistent frame-
work to determine the age probability distribution of each component and, as a result, directly
measure the age of the entire moving group.

Observations of binary stars with ORKID may provide better astrometric precision over NIR
measurements because of the smaller point-spread function (PSF), improving the dynamical
mass estimates. In addition, the new wavelength range will provide a critical lever arm on the
stellar atmospheric models. To provide the best constraints on the stellar models, ORKID
requires R, I, and z band measurements. To obtain the highest spatial resolution, ORKID requires
fast-read modes for Lucky/Speckle Imaging at the shortest wavelengths and a non-redundant
masking mode to push to the smallest angular separations.

2.1.3 Accreting exoplanets

Despite the thousands of known planets, scientific understanding of the early stages of planet for-
mation is poorly constrained by observations. In particular, the details of mass delivery mechanisms
and timescales at early ages are difficult to probe due to the paucity of accretion measurements. So
far, accretion has been directly detected in only three cases, despite several searches:18,19 the con-
troversial LkCa 15b,20–22 PDS 70 b and c,23,24 and Delorme 1 (AB)b.25 These initial detections
allowed us to start constraining models,26 but more measurements are needed. Leveraging
Keck’s NIR Pyramid wavefront sensor27 and its 10-m aperture, the short wavelength coverage
afforded by ORKID will enable new searches for H-alpha emission from accreting protoplanets
around redder stars and at smaller inner working angles than previously accessible. These searches
require the ORKID filter complement to include an H-alpha narrowband filter, as well as a con-
tinuum filter. When searching for accreting planets, ORKID will operate in a lucky imaging mode,
a speckle imaging mode, and/or a non-redundant masking mode.

2.1.4 Supermassive black holes and active galactic nuclei

Current Keck NGS AO limits the number of accessible active galactic nuclei (AGN) targets due to
their faintness and the extended nature of their core, making it hard or impossible for the AO system
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to provide the high-order correction needed for visible-light imaging. Keck’s current ground-based
LGS system cannot provide good correction down to the visible regime. Nonetheless, we highlight
here potential visible-light AGN science cases should an AO system (e.g., such as one that leverages
ORCAS or a future visible-light AO system) be able to lock on these targets.

The discovery that at the heart of virtually all massive galaxies in the local Universe, lie
supermassive black holes (SMBHs) strongly suggests that black holes play a pivotal role in the
formation and evolution of galaxies. The well-known correlation between the black hole mass
and the host galaxy’s stellar velocity dispersion28–31 launched a long-standing view that black
hole growth and the build-up of galaxy bulges go hand-in-hand, perhaps as galaxy interactions
fuel the central SMBH and grow the galaxy’s bulge, and feedback from the AGN regulates the
surrounding star formation in the host galaxy.32–36 Although both simulations and theory support
this general paradigm, the detailed physics surrounding the formation and growth of the black
hole and its impact on the host galaxy are currently not well understood. Furthermore, binary
SMBHs formed in galaxy mergers are one of the key contenders for the recently announced
stochastic gravitational-wave background detected by pulsar timing arrays (ref). A clear under-
standing of the SMBH binary contribution to the gravitational wave (GW) background and future
prospects for detecting SMBH binaries by the next generation of gravitational wave detectors
requires a firm understanding of SMBH binary evolution, the pairing rate and distribution as a
function of redshift, all of which are not well-constrained based on current observations. To make
progress in the field, high spatial resolution observations across a significant portion of the sky
are critical. ORKID and future-enabled spectroscopic instruments such as ORCAS will be a
game changer in this field. High spatial resolution imaging in the optical enables the highest
sensitivity and spatial resolution to probe the central parsecs in AGN hosts, within the gravita-
tional sphere of influence of the black hole. Imaging observations alone can enable detailed
morphological studies of AGN hosts down to spatial scales (≈3 pc) corresponding to nuclear
star clusters (NSCs) in a significant sample of galaxies for the first time. Such a study can estab-
lish the link between NSC properties and black hole properties. Imaging observations can also
produce a sample of advanced mergers with closely separated galaxy nuclei down to 15 mas
(corresponding to a few parsecs in the local universe and 100 pc at cosmic noon), an unprec-
edented regime of parameter space, providing some preliminary constraints on the rate and dis-
tribution of closely paired nuclei in the local Universe. Follow-up spectroscopy at high spatial
resolution can identify accretion signatures, measure black hole masses, luminosities, and accre-
tion rates; identify and measure outflows near their launch origin; and characterize the state and
structure of the surrounding interstellar medium at unprecedented spatial resolution for the first
time, allowing a first look into the detailed physics around accreting SMBHs in galaxy centers.

Models for their formation make divergent predictions for the mass distribution of
intermediate-mass black holes, particularly in the range 102 − 104 M⊙ at late times. ORCAS
allows Keck to be uniquely suited to survey nearby dwarf galaxies and search for such black
holes, which are the building blocks of both more massive galaxies and their SMBHs. These
observations will resolve the cores of these systems to angular resolutions of ∼15 mas or better.
Other ground-based [e.g., very large telescope/multi-conjugate-adaptive-optics-assisted visible
imager and spectrograph (VLT/MAVIS)] and space-based (HST) facilities have insufficient res-
olution in optical wavebands to accomplish this science. Optical waveband observations are nec-
essary to discriminate AGN from compact star clusters. A tractable goal is to find AGNs in dwarf
galaxies by searching for broad lines. As a result, this survey will seek to determine the origins of
SMBHs and solve one of the major unsolved mysteries in contemporary astrophysics.

Dual AGN is expected because galaxies grow and evolve via mergers and interactions, yet
observations of dual AGN are exceedingly rare. Further observations could provide evidence of
black hole growth through accretion, regulation of star formation, and that they are precursors of
black hole mergers, which are strong emitters of gravitational radiation. In particular, probing
close in mergers could shed light on difficulties with how theoretical models account for how
SMBHs go from close encounters to candidates for a merger. To date, there is only one bound
binary known37 and only a handful with separations less than 3 kpc.38–41 Current Keck AO can
only resolve dual AGN to ∼50 pc resolution. At this distance, SMBHs are not yet gravitationally
bound. However, diffraction-limited optical observations can probe this close-in region. These
capabilities have been demonstrated in ORCAS asteroid studies (Hall et al. in prep).
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AGN powers the flow of matter and energy from central engines to pervade their host gal-
axies. Outflows take the form of winds and jets; by studying them, we can better understand the
role of AGN in regulating star formation in their host galaxies. Of critical importance is the
capacity to spatially resolve the inner parsec scales of AGN to directly trace the gas.
Currently, the best spatial resolution in the optical for nearby AGNs is ∼10 s of pc (Gemini
Multi-Object Spectrograph-Integral Field Unit or Keck AO). ORCAS/Keck will probe the
sub-kiloparsec scale to trace gas flows with prominent optical emission lines (e.g., OIII) and
spatially resolved spectroscopy.

2.2 Programmatic Goals
One major goal of the ORKID effort is to demonstrate and characterize the performance of the
current Keck II AO system at visible wavelengths, and in doing so retiring risk, raising tech-
nology readiness level (TRL), and informing the future design of ORCAS-WMKO mission
instruments. Another goal is to foster successful collaboration between the ORCAS mission team
and the WMKO team that allows for an observation plan guided by community engagement,
providing high-performance AO to all U.S. astronomers. An additional timeline goal of less than
200 days was set, requiring the team to deliver the instrument, meeting the requirements, tight
schedule, and budget.

Furthermore, we are interested in using ORKID to evaluate the current AO system’s per-
formance in the following ways:

1. Measuring the Strehl ratio and FWHM in short (10 ms) and long (several minutes) expo-
sures over a range of wavelengths (595 to 970 nm) and guiding star magnitudes (0 to 10th).

2. Measuring the contrast ratio versus distance from the guide star.
3. Better understanding of the limitations of the current Keck AO system and what perfor-

mance improvements are needed for impactful ORCAS science.
4. Determining how much tip-tilt performance improvement is needed to maintain close to

diffraction-limited angular resolution. This can be seen in the evolution of image position
between consecutive short-exposure images.

5. Using this experience as a step in developing a roadmap to visible science instrumentation
to be developed for ORCAS.

Ultimately, the team was capable of designing, building, and commissioning the ORKID
instrument, in under 200 days, to meet the requirements on both sides of the partnership and
deliver results within the narrow time frame. However, the timeline drove several design and
development decisions for ORKID. For instance, the opto-mechanical design choices minimized
the number of parts needed, reducing fabrication time. Similarly, the optical module is capable of
integrating two alternative stages due to shortages in the original chosen stage, and this allows for
the instrument to be better adapted in the future. Ultimately, the strict 200-day timeline was
chosen to ensure a full mission proposal by 2025. To this end, the team can quantify how fast
development can move throughout the entire instrument design process. Furthermore, it provides
an opportunity to identify the constraints imposed by the ground-based components during
instrument development.

3 Instrument Requirements, Constraints, and Design Choices
The ORKID design is driven by the scientific and programmatic requirements presented in
Sec. 2, which are derived from the ORCAS mission STM. In this section, technical requirements
and constraints are presented. We list the opto-mechanical requirements for the science camera in
Sec. 3.1 and discuss size and weight constraints with which the system needed to comply
in Sec. 3.2.

3.1 Science Camera Opto-Mechanical Requirements
The following requirements were established for the science camera:

1. The visible science camera system shall be Nyquist sampled at 650 nm wavelength.
2. The plate scale shall be met within a tolerance of �0.1 mas.
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3. The visible science camera system shall provide a 10″ or larger unvignetted science field.
4. The transmitted wavefront quality through the visible camera system optics shall be less

than 50 nm rms.
5. The throughput through the ORKID instrument shall be >90% between 595 and 970 nm

wavelength.
6. A 2 00 × 2 00 science field shall be capable of being read out in 10 ms.
7. Differential atmospheric refraction (DAR) correction must be provided between the sci-

ence and wavefront sensing wavelengths to maintain the science target position within
1∕4 of the diffraction-limited image diameter over a 5-min observation sequence at a 45-
deg zenith angle.

8. DAR over any 100 nm wavelength band between 600 and 1000 nm shall be less than 1∕4
of the diffraction-limited image diameter at 45 deg zenith angle.

9. The visible science camera system shall provide a filter changer with at least six filter
locations.

10. The filter changer shall be located as close as possible to the pupil plane to minimize
field-dependent aberrations and to allow a pupil plane mask to be located in the fil-
ter wheel.

11. The visible science camera system shall be provided with a science-determined set of
filters.

12. The visible camera system shall not vignette the 120″ diameter field to the AO acquisition
camera.

13. The visible camera system shall be co-mounted on the same stage as the AO acquisition
camera.

14. A beamsplitter shall be provided to split the 595 to 970 nm light between the visible
science camera and the AO acquisition camera.

3.2 Footprint, Volume, and Weight Constraints
The physical location and size of a visible science camera were limited by the constraints of the
Keck II AO bench. ORKID needed to be located in reflection from the dichroic beamsplitter that
transmits light to the NIR science instruments. It could not interfere with the light to the existing
visible wavefront sensors. Therefore, the visible science camera was integrated with the existing
science camera with the existing acquisition camera (ACAM) as part of the ORKID package.

The ORKID assembly (A) and its location on the AO bench are shown in Fig. 2. The hori-
zontal footprint of the existing ACAM system could not be exceeded to avoid interference with
existing opto-mechanical systems. The vertical height was limited by the position of the optical
axis above the AO bench (305 mm) and the height of the AO bench cover. The clearance of the
delivered ORKID unit (vertical space between the unit and the AO bench cover) is 54 mm.

Fig. 2 ORKID system (a) and the envelope available to integrate the ORKID unit on the Keck II AO
bench (b). In addition, we provide the full light path from the telescope to the ORKID instrument.
The optional ACP can be seen on the left as a red plate attached to the ORKID system.
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ACAM is mounted on a linear stage and pedestal, which were reused to support ORKID. The
stage is used to focus ACAM on either a natural guide star (at infinity) or a laser guide star
(as close as 85 km). If necessary, the handles shown in Fig. 2(a) can be removed to reduce the
footprint.

An astigmatism corrector plate (ACP) can be mounted to the front of the ORKID assembly,
as further described in Sec. 4.1.2. However, it is not currently required and extends outside the
current ACAM envelope.

The maximum weight for the ORKID unit was set by the maximum allowed weight for the
linear stage (90 kg); however, due to difficult installation access to the AO bench, the unit was
designed to minimize weight.

4 Instrument Design

4.1 Optical Design
The ORKID optical system, shown in Fig. 3, includes the acquisition channel [120″ field-of-view
(FOV)] and the science channel (10″ FOV). The driving science performance goal was Nyquist
sampling (2 pixels) of a 650-nm diffraction-limited PSF. The main design constraint was the
volumetric limits for being able to be placed on the very crowded Keck AO bench.

4.1.1 Optical layout
The ORKID instrument is placed at the focus of the AO bench visible light path at a plate scale of
0.727 mm/arcsecond. With a 100-mm acceptance aperture, this allows for the capture of the full
120-arcsecond diameter circular field that was passed through the AO rotator. A 250-mm focal
length field lens converges the ray bundles to form a pupil at the acquisition camera lens. The
50 mm f/1.4 lens re-images the full-field telescope image onto the acquisition camera sensor.

Within the converging ray bundle following the field lens, a dichroic beamsplitter reflects the
long wavelengths (>595 nm) to the science channel. A custom triplet lens captures the central
10-arcsecond field to re-image it at the science camera at f/34.3. At a camera plate scale of 6.7″/
pixel, the 650-nm PSF FWHM covers two pixels.

Before reaching focus, the beam passes through several more optical elements. A pair of six-
position filter wheels allow for bandpass filters and/or pupil masks to be placed into the beam.
The first filter wheel is located at the pupil formed by the combination of the field lens and the
triplet. It is there that either four filters or a pupil mask can be inserted into the beam. The pupil
mask is used for non-redundant Aperture Masking Interferometry for increased angular resolu-
tion of a specific binary target. The second filter wheel contains five additional bandpass filters.

Fig. 3 Optical layout of the ORKID instrument.
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Either filter wheel can be used in the “open position,” and the filters in the second wheel can be
used in conjunction with the pupil mask of the first wheel. The second filter wheel is tilted by
∼4 deg to avoid additional ghost reflections between the two filter wheels.

The next element in the optical train is the atmospheric dispersion corrector (ADC) Risley
doublet prism pair mounted in dual rotation stages. At ORKID’s magnification, when looking at
an object 60 deg off zenith, the wideband image from 595 to 970 nm is dispersed into a spectrum
more than 1.5-mm long due to the prismatic atmospheric dispersion. The ADC consists of a
cemented pair of high-dispersion/low-dispersion glasses with matched indexes at ∼650 nm

to correct atmospheric dispersion. The two ADC prisms act in concert and can simultaneously
counter-rotate to maintain the zenith dispersion direction and also rotate freely to match a desired
pupil rotation. When counter-rotated at 0 deg, they cancel each other out and have no dispersive
effect. When counter-rotated a full�90 deg, the prisms combine full efficacy to correct up to 60-
deg Zenith dispersion up to the Sloan Z-band [830 to 1000 nm]. Their relative rotations are
therefore adjusted as a function of waveband and Zenith. The resulting effect is shown in
Fig. 4 for 45 deg Zenith when corrected for 700 to 860 nm (i Sloan bandpass). Note that for
narrowband filters, dispersive correction is not needed, but they can still be used to keep an
observed target centered on the sensor over various wavebands.

Finally, a single flat mirror is used to fold the optical path horizontally to the science camera
sensor. The total optical path length allows the science camera and acquisition camera image
planes to be vertically co-planar. This assures that the ORKID footprint did not increase from
the original acquisition camera.

The total field distortion of the 10″ field is <0.2% or�0.001 mas∕pixel. This is derived from
the optical models of the telescope and camera. Within the central 2″, field distortion does not
exceed 0.02%.

4.1.2 Astigmatism correction

The AO deformable mirror (Xinetics tweeter sampled 21 × 21 across the Keck pupil) can be used
to remove astigmatism introduced by an IR-transmissive dichroic beamsplitter in the path to the
IR science instruments. This action introduces astigmatism in the path to ORKID. To compensate
for this, an ACP can be attached to the front of ORKID to apply the correction to the incoming
beam, as shown in Fig. 5. The ACP is a 20-mm-thick fused silica plano-plano element. To
accommodate different correction scenarios, various ACP plate holders can be attached or
removed with a small adjustment in focus on the ORKID stage. The ACP is not currently
mounted since simultaneous IR and visible science observations have not yet been performed.

4.1.3 Stray light mitigation

Stray light control keeps the image (signal) free of additional background noise that reduces the
contrast and resolution of the camera output. To accomplish this, baffles are integrated on

Fig. 4 Spectral correction with the ADC. (a) The full spectral range is shown at Zenith angle 45-deg
(a) uncorrected and (b) when fully corrected for ORKID’s viewable i Sloan bandpass
(0.698 − 0.853 μm). The airy disc (black circle) for 700 nm is shown.
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element mounts (e.g., the triplet and ADCs) and other light paths to the sensors to prevent
specular and “single bounce” scatter paths to the sensor. All non-bandpass refractive surfaces
are anti-reflection-coated to minimize ghost reflections. Analysis shows any ghosts generated in
the system have an extremely low (<0.1%) contribution to background noise.

4.2 Opto-Mechanical Design
The design of the opto-mechanical components of the ORKID instrument was done in a one-
month schedule, which dictated many of the design choices. The instrument was thus designed to
minimize the number of parts to reduce development and fabrication time. Figure 6 shows an
isometric view of the computer aided design (CAD) model and the as-built instrument.

The main housing was designed out of a single piece of 6061-T6 aluminum to reduce the
number of interfaces and ensure a stiff structure. The cover, also machined from a single piece of
aluminum, is mounted on the main housing using captive fasteners. The instrument is mounted

Fig. 5 Image correction by the use of the ACP. (a) Uncorrected spot. (b) Corrected spot. (c) ACP
placement at ORKID entrance aperture.

Fig. 6 Internal components of the ORKID instrument.
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on a linear stage (MikroPrecision P/N NE-RS-12) previously used for the visible acquisition
camera. An aluminum spacer and shims provide vertical adjustability to the instrument. The
ORKID unit is positioned on the spacer via dowel pins to provide a repeatable interface and
can be removed independently.

Two Andor cameras (Marana 4B-11) are mounted on an interface plate that uses three
adjustment sleeves to account for the uncertainties of the position of the sensor of the cameras
with regard to the mounting features. These sleeves allow adjustment in piston (�5 mm), pitch
(�2 deg), and yaw (�2 deg).

The 100-mm field lens (Ross Optical P/N L-PCX391) is mounted directly at the entrance of
the main housing and kept in place using an off-the-shelf threaded retaining ring (Thorlabs
SM4RR). The curvature of the lens ensures self-centering when the retainer ring is installed.

The beamsplitter optic is mounted in a subcell using radial RTV (room temperature vulcan-
izing) adhesive dots to provide a strain-free mounting. The subcell is mounted on a 45-deg sup-
port using adjustment sleeves that provide 3 degrees of freedom to the beamsplitter (i.e., piston,
pitch, and yaw). The beamsplitter support is mounted on an off-the-shelf kinematic mount
(Newport M-BLK-4) to provide repeatable positioning when the beamsplitter is replaced.
Two mounted beamsplitters were provided to test different coatings. Figure 7 shows the beam-
splitter mounted in its subcell.

Following the beamsplitter, the optical module (shown in Fig. 8) was designed to mount the
motorized components, the custom triplet, and the fold mirror. It is precisely located by dowel
pins inserted in the main housing.

The triplet is mounted in a subcell that provides adjustability along the optical axis. The clear
aperture of the subcell and its retaining ring were tailored to provide stray light reduction. The
filter wheels (Thorlabs P/N FW102C) are mounted on interface plates that allow for their removal
without requiring the removal of the instrument from the AO bench. The interface plates have
dowel pins for repeatability, and captive fasteners ensure ease of assembly and disassembly. The
first filter wheel (called the pupil wheel) is perpendicular to the optical path, whereas the second
filter wheel (called the filter wheel) is placed at a 4-deg angle to reduce ghost reflections.

A pupil mask, shown in Fig. 9, needed to be positioned precisely in the pupil wheel. Due to
the lack of reference features on the off-the-shelf filter wheel, an alignment tool was designed to
use the bearings and the bore of the opposite filter mount to locate the pupil mask. Two locating
pins on the alignment tool interface with a hole and a slot in the pupil mask. The alignment tool
was printed with a resin printer to ensure high precision and a good fit. It should be noted that the
pupil mask is placed on top of an AR-coated 3-mm-thick window (shown in green in Fig. 9) to
maintain the optical path length. A retaining ring is torqued before removing the alignment tool.

Due to the shortage of the chosen baseline rotary stages because of the industrial challenges
posed by the COVID-19 pandemic, the optical module was designed so that two alternative
stages (i.e., Phyzik Instrumente U-651 and Newport PR50CC) could be integrated into the
opto-mechanical module. The Newport stages were implemented.

Each Risley Prism is mounted in a subcell that is inserted in the rotary stage. As seen in
Fig. 10, both subcells are identical in size and the prisms are held in place with an off-the-shelf

RTV adhesive dots

Fig. 7 Beamsplitter radially bonded in its mount using RTV adhesive dots.
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retaining ring (Thorlabs SM20RR). The axial placement of the subcells was not critical, so they
were placed using a caliper. A retaining ring included with the PR50CC rotary stage acts as a jam
nut to the subcell.

The 50-mm-fold mirror (Thorlabs PF20-03-G01) is mounted in an off-the-shelf kinematic
mount (Thorlabs K2) that offers 3 degrees of freedom (i.e., piston, pitch, and yaw). To reduce the
stress on the mirror, it was glued radially in the mount using RTV (Dow Corning 732) and the
clamping feature of the mount was not used.

The ACP was added in front of the field lens. Due to difficulties procuring the optic and the
short timeline, a 3D-printed support was designed to provide the ability to modify it quickly. The
printed part integrated machined adjusters and metal-threaded inserts to provide adjustability and
durability. Similar to the beamsplitter, the ACP is bonded radially in its mount using RTVadhe-
sive dots (as shown in Fig. 11).

This modular approach provides a future-proof design to implement improved optical
designs with a minimum number of new opto-mechanical components.

Optical tolerances were provided at the beginning of the project to the mechanical team.
These requirements were pragmatic and addressed as such by minimizing the number of parts
and by the proper tolerancing of locating features inside and between modules. Not all require-
ments are met right at assembly, but proper adjustment mechanisms were introduced to correct
potential dimensional errors. Adjustment mechanisms were being set at their nominal position
for initial verification. A simple alignment procedure and related hardware were developed to
ensure a quick and proper alignment if nominal positioning is not sufficient.

Locating pins
Filter wheel bearings

(b)

(c)

Pupil Mask alignment tool

Clocking diameter

(a)

Fig. 9 Mask alignment jig. (a) Cross-section of the CAD model of the alignment tool. (b) Testing of
the alignment tool. (c) Pupil mask installed.

Fig. 8 Components included on the optical module.
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4.3 Filters
Table 1 lists the science filters installed in the ORKID filter wheels, specifically each filter wave-
length range and transmission. In addition, we plot the transmission curve for each filter in Fig. 12.

4.4 Software Systems Design
The ORKID camera server software is implemented in Python and combines the interface to the
camera with a web server and a keyword server. The web server enables browser-based graphical
user interface (GUIs), which can be built using readily available tools. The keyword server pro-
vides the standard interface that is common to all Keck instruments. The interface to the Andor
camera is implemented through the vendor-supplied C-based library, which communicates with
the camera via Universal Serial Bus (USB). A Python wrapper for this library was built using the
C Foreign Function Interface (CFFI) library allowing the software to be written in Python. The
main components of the camera servers are as follows:

• Andor camera interface: Interfaces to the vendor-provided library.
• HTTP web server: Provides web services for the web-based GUI.
• Data writer: Provides asynchronous writing of Flexible Image Transport System (FITS)

files to disks.
• Keck Keywords interface: Retrieves telescope and AO telemetry via keywords and pro-

vides the ORKID keyword service.
• Control GUI: Web-based GUI to control and monitor the camera, as well as to display the

images.

The selected camera is the Andor Marana by Oxford Instruments. Table 2 shows the frame
rates for different areas of interest. The Andor Marana specification gives the maximum frame

Adjustment sleeves

RTV adhesive dots

Fig. 11 ACP radially bonded in its 3D-printed mount using RTV adhesive dots.

Optical Module

Risley Prism

PR50CC Rotary Stage

PR50CC Retaining Ring Risley Prism Subcell

Fig. 10 Cross-section of the Risley ADC pair.
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rates. The frame rates were measured using the current implementation of the camera server for
SDR (12 bits) and HDR (16 bits) read-out modes.

The camera frames are saved to disk in FITS format at the maximum transfer rate of
211 MB/s. This requires the use of fast disk storage systems. Fortunately, commercially available
Solid-State Disks such as the implemented Samsung PM893 7 TB can achieve 530 MB/s write
speed. To decouple the synchronous readout of the camera frames from the fluctuation of the data
I/O process, a first in, first out (FIFO) data queue is used.

5 Performance Analysis
In a review of how well ORKID performs, we compare the expected value versus the actual value
for the quantifiable science and technical requirements delineated in Sec. 3.1 of this report, as
well as those discussed in the ORCAS Mission architecture.2

As can be seen from Table 3, ORKID has met the requirements listed in Sec. 3.1.

Fig. 12 Transmission curves for each filter listed in Table 1. The green-, orange-, and red-shaded
areas correspond to 27052 R-Band Bessel, 27058 i Sloan, and 27059 z Sloan broadband filters,
respectively. The narrowband filters reported in Table 1 are shown by the white rectangles passing
in front of each shaded region, and each one is labeled.

Table 1 ORKID bandpass filters. TPeak & TAvg refer to the peak and average transmission values.
ES10−90 refer to the average bandpass edge slope from 10 to 90%.

Wideband filters λMin λMax λCenter TPeak TAvg ES10−90

27052 R-Band Bessell 554 nm 696 nm 625 nm — 93% —

27058 i Sloan 698 nm 853 nm 771 nm — 95% —

27059 z Sloan 830 nm 1000+ nm — — 90% —

Narrowband filters

[OI] 620 nm 640 nm 630 nm 90% — —

H-alpha Continuum Filter 634 nm 646 nm 643 nm 90% — 1.21 nm

27002 H-alpha 651 nm 661 nm 656.3 nm 94% — 1.95 nm

27012 Jovian Methane 871 nm 907 nm 889 nm — 94% 1.96 nm

CT940/20 920 nm 960 nm 940 nm 93% — 2.57 nm
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The plate scale as well as the plate scale tolerance were calculated by moving a white light
source, with the filter wheel in the open position, and observing the change in the pixel position.
The same source and filter wheel configuration was also used to verify that there was no vignet-
ting in the science field (see Fig. 13).

Figure 14 displays the simulated wavefront error, confirming that the root mean square
(RMS) wavefront error across the visible camera system optics is <50 nm.

It is difficult to capture the throughput of the visible science camera using a single value, as
the throughput is wavelength-dependent. As such, no single value was reported. Despite this, the
throughput of the visible camera was over 90% for the wavelength range 595 to 970 nm.

Table 3 Requirements set forth in Sec. 3.1 and if they were met. The requirement numbers in the
table correspond to the numbers in Sec. 3.1. For more details, see Figs. 13 and 14.

Req # Requirement name Expected value Actual value Satisfied
(D)esigned/(M)

easured

1 Pixel scale ≤6.7 mas∕pixel 6.65 mas/pixel Y M

2 Plate scale tolerance ≤� 0.1 mas∕pixel −0.05 mas/pixel Y M

3 Unvignetted science field ≥10 arcsec diameter ≤3% vignetting Y M

4 Transmitted wavefront Quality ≤50 nm (rms) ≤50 nm (rms) Y D

5 Visible Camera Throughput ≥90% ≥90% Y D

6 2″ × 2Prime; Field Readout Time ≤10 ms 4.12 ms, 7.19 msa Y M

7 DAR Correction 1
4 λ∕D

1
4 λ∕D Y M

8 DAR Over 100 nm Band 1
4 λ∕D

1
4 λ∕D Y M

9 Science Camera Filter Changer ≥6 8 Y M

10 Pupil plane proximity Close to
pupil plane

Mask in
pupil plane

Y D

11 Filters Science defined 8 science filters Y M

12 Unvignetted Acquistion Field ≥120 00 diameter 120″ diameter Y D

13 Co-mounted Cameras Co-mounted Co-mounted Y M

14 Beamsplitter Dichroic Dichroic Y D

aThe readout time is 4.12 ms when operating in SDR mode and 7.19 ms when operating in HDR mode.

Table 2 Maximum frame rate for different areas of interest.

Area of
interest
(pixels)

Andor Spec max
SDR rate (fps)

Measured
SDR rate (fps)

Transfer SDR
rate (MB/sec)

Andor Spec max
HDR rate (fps)

Measured
HDR rate (fps)

Transfer SDR
rate (MB/sec)

32 × 32 738 2 594 1

64 × 64 594 5 427 4

128 × 128 750 427 15 378 274 9

256 × 256 378 274 36 190 159 21

512 × 512 190 159 84 95 87 46

1024 × 1024 95 87 181 30 45 95

2048 × 2048 48 45 211a 24 23 194

aLower rate due to dropped frames.
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Fig. 13 Empirical test to check for vignetting. Findings demonstrate that within 5″ of off-axis dis-
tance, there is less than 3% loss in intensity satisfying the 10″ diameter unvignetted science field
requirement.

Fig. 14 Plot of wavefront error, in units of waves, across the pupil. This demonstrates that the
wavefront error is <50 nm RMS across the field. The RMS wavefront error is 0.0556 waves, which,
at 650 nm, equates to a 36-nm RMS wavefront error.
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Although Table 2 does not explicitly list the readout time for a 2 00 × 2 00 field, the readout rate
was measured to be as listed in the table.

6 On-Sky Data
ORKID was installed behind the Keck II AO System in the fall of 2022 and has been on-sky for a
total of 2.5 nights of engineering time. For the first 2 nights of observing, spread across October
2022 to February 2023, ORKID was used in conjunction with the visible-light Shack-Hartmann
wavefront sensor (SHWFS) and its atmospheric dispersion compensator (ADC) was not yet
operational. The SHWFS can be fed either by a 96-4 beamsplitter, with 4% of the light being
passed on to ORKID, or with the LGS dichroic, where all the visible light is passed to ORKID
except for a 20-nm FWHM notch around the sodium 589-nm line used for LGS wavefront sens-
ing. To pass enough light to ORKID to facilitate several ms readout times, ORKID was operated
using the LGS dichroic. The reduced light going to the SHWFS resulted in a performance drop
equal to making the host star roughly 2 magnitudes fainter. Here, we present a small number of
observations from the Oct. 22 to Feb. 2023 timeframe, that provide a preliminary view of the
instrument performance, with a more detailed characterization left for future work.

Figure 15 shows an example of ORKID data obtained with the Keck II AO system, using the
SHWFS. The binary system SAO153301 was observed for 200 5-ms exposures in the CT940/20
filter on the night of January 17, 2023 UT. The system has a combined V ¼ 8.71 magnitude,42

confirmed as a multiple star system with radial velocity measurements.43 Figure 15 shows the
binary star exposures averaged with the AO loop open (no correction), the AO loop closed (high-
order DM correction and tip/tilt correction), and the AO loop closed as well as a shift and add
procedure applied as post-processing to the individual 5 ms exposures. The procedure recentered
the exposures assuming the brightest pixel to be the center of the PSF core. Comparing the three
images it is clear that the AO system provided significant gains in PSF quality, yet there was a
residual tip/tilt component that needed to be corrected, leveraging the fast read-out rates.

On November 2, 2022, UT ORKID observed Θ Ori C, a known binary with a separation
previously estimated to be 32.64� 0.48 mas using the visible-light camera of MagAO in
December 2012.44 Note that due to orbital motion this exact position is expected to change over
time. Θ Ori C was observed for 40,000 10 ms exposures in the H-α filter. Individual short expo-
sures were recentered using the brightest pixel as the central pixel, and then, all exposures were
averaged for a final image. Figure 16 displays the final images created by averaging different
fractions of the individual 40,000 exposures, selected based on their peak pixel value. Using the
final summed image (i.e., no frame selection applied; “Selection Fraction = 1″ in the Figure), we
fit a PSF model composed of four separate Gaussian profiles Astropy modeling infrastructure:
two for the cores of the point sources and two to characterize the speckle halo. We find a flux
ratio between the two central Gaussian components (corresponding to the two-point source
cores) of ∼1.5 and a separation of ∼45 mas. The central Gaussian component, representing the
PSF core, has a FWHM of ∼2.2 pixels or ∼15 mas.

Fig. 15 ORKID images of the object SAO 153301 binary, comparing the results when the AO loop
is open, versus when the AO loop is closed, versus closed loop and a recentering procedure
(shifting the brightest pixel to always be aligned). To create each image 200 5-ms exposures were
averaged. The color bar displays the counts/image.
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In addition to a Gaussian-shaped PSF, we also explored various combinations of Airy disks
and Moffat profiles for the central core and for the extended AO speckle halo. We found that no
specific combination provided a significant gain in the RMS residuals. We have also attempted to
use a high-pass filter to spatially filter out the broad background halo. In all cases, the FWHM of
the central core of the PSF was in the 14.5 to 16 mas range.

The left panel of Fig. 16 suggests that the core PSF is more complicated than just a simple
Gaussian, as a hint of a first Airy ring can be seen. However, we did not find that an Airy ring
provided significantly better RMS residuals than using just a Gaussian core. Indeed, the unex-
pected trend that the FWHM increases as fewer frames are selected could possibly be due to the
fact that the fitting process is latching onto the Airy ring-like feature, artificially increasing the
FWHM. As the selection fraction gets smaller, the Airy ring-like feature becomes more promi-
nent, thus explaining the increase in FWHM. A more detailed analysis of the PSF morphology is
beyond the scope of this publication but is the subject of ongoing research projects.

In Aug. 2023, the ADC was commissioned and, in addition, ORKID was operated with the
NIR pyramid wavefront sensor. Analysis of this data is ongoing and will be presented in a future
publication.

On September 19, 2024, ORKID performed additional observations during one-half of an
engineering night. Near the end of the night, Jupiter’s volcanic moon Io was observed through a
variety of filters (see Table 4). We present three images of Io captured through three filters in
Fig. 17. From these images, one can easily resolve the complex structure of Io’s surface. We note
that minimal reduction was performed on these images. A simple “shift-and-add” approach was
employed to improve the signal-to-noise. Improvements in data reduction will be implemented in
future work.

We also highlight observations performed on the asteroid Vesta. The asteroid has a mean
diameter of roughly 530 km, which places its angular size to be ∼0.4 00. If we refer to ORKID’s
image of Vesta in Fig. 18, we find that the surface is fully resolved. Furthermore, we can use
ORKID’s image to estimate an angular size that is comparable (∼0.3 00).

The red giant star Betelgeuse was also targeted by ORKID. The dying star serves as a fas-
cinating target for many reasons. Perhaps the most exciting prospect is the possibility to resolve
its surface with ORKID. Previous studies on Betelgeuse estimate its angular diameter to have a
value between ≈0.04 00 and 0.06″.45,46 In Fig. 19, we present two images of Betelgeuse captured
by ORKID through the H-Alpha and CT940/20 filters. Each image was built by simply stacking
all exposures after alignment through shifting. From these images, we argue that have indeed

Fig. 16 Top row: Final ORKID H − α images of Θ Ori C, after averaging different fractions of the
total image set, where the selections were made based on the highest peak pixel value in each
exposure. The full dataset consisted of 40,000 10-millisecond exposures. Bottom row: Brightness
profiles of the row that contains the brightest pixel in the corresponding 2D image. The red hori-
zontal lines indicate the FWHM of the PSF core, as measured using the Gaussian profile fitting.
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resolved the photosphere and measure an angular diameter of ∼0.052 00, which is in agreement
with previous observations.

7 Conclusion
The ORKID instrument has successfully demonstrated its ability to deliver high-resolution
visible-light imaging with the Keck II AO system, achieving a FWHM of 15.2 mas at
650 nm. This accomplishment highlights the potential of large ground-based telescopes to reach
near-diffraction-limited performance using advanced AO technology, enabling unprecedented

Table 4 Breakdown of each sky run.

Target Filter(s) DM loop state Airmass Total exposure time Date

Θ Ori C H − α Closed 1.12 40;000 × 10 ms per frame November 1, 2022

SAO 153301 CT940/20 Closed 1.25 200 × 5 ms per frame January 17, 2023

SAO 153301 CT940/20 Open 1.25 200 × 5 ms per frame January 17, 2023

Io CT940/20 Closed 1.01 5 × 1000 ms per frame September 19, 2024

Io Hα Closed 1.01 5 × 500 ms per frame September 19, 2024

Io Sloan z Closed 1.01 5 × 100 ms per frame September 19, 2024

Betelgeuse H-Alpha Closed 1.03 1000 × 1 ms per frame November 2, 2022

Betelgeuse CT940/20 Closed 1.03 1000 × 1 ms per frame November 2, 2022

Vesta CT940/20 Closed 1.76 10 × 4000 ms per frame August 2 and 3, 2023

Fig. 17 Jupiter’s volcanic moon Io. In the top row, we present images taken with ORKID through
the H-Alpha, Sloan z, and CT940/20 filters, respectively. In addition, we zoom in on three features
easily identified in the Sloan z image. Specifically, the two volcanoes Prometheus and Tvashtar, as
well as the Bosphorus Region.
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detail in visible-wavelength observations. The ability to resolve such fine details will signifi-
cantly enhance our understanding of a wide range of astronomical phenomena in the future,
from the dynamics of binary stars to the atmospheres of planets and moons in the solar system.
Addressing the limitations caused by atmospheric turbulence and making visible-light AO a via-
ble tool for future scientific endeavors.

In addition to its technical achievements, ORKID serves a critical role as a pathfinder for the
larger ORCAS mission, which aims to create a hybrid ground-space observatory. Looking ahead,
the continued evaluation and enhancement of ORKID’s performance will be essential to further
improving its capabilities. The upcoming upgrades to the Keck II AO system, including the inte-
gration of a higher actuator count deformable mirror and faster real-time control systems, prom-
ise even better performance, especially when using bright guide stars. These advancements,
coupled with the insights gained from ORKID’s current achievements, will guide the next steps
which will include using Asteroids as guide stars and utilizing space-born lasers as additional
demonstrations and TRL advancement mechanisms. This in turn will inform the final design and
development of the ORCAS mission. Ultimately, ORKID’s success highlights the potential for
collaborative space-ground observatory systems to revolutionize visible-light astronomy, bridg-
ing the gap between current ground-based systems and future flagship space telescopes.

The key programmatic goals, identified in Sec. 2.2, were accomplished. ORKID retired
ORCAS risk by demonstrating and characterizing the Keck II AO system’s performance at vis-
ible wavelengths, as well as informing the future design of the ORCAS-WMKO mission instru-
ments. The joint project also successfully fostered collaboration between the ORCAS mission
and WMKO teams.

Fig. 19 Betelgeuse imaged by ORKID through two filters. From left to right, we present the H-alpha
image, CT940/20, a single-star PSF image obtained immediately after observing Betelgeuse for
comparison.

Fig. 18 Asteroid Vesta observed by ORKID through the CT940/20 filter.
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As a pathfinder instrument, the evaluation and characterization of ORKID is an ongoing
process. Future goals for the project include a thorough characterization of the AO performance,
more detailed instrument characterization, and consideration for facilitation upon the delivery of
the high-order AO system HAKA.
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