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1 Introduction

Optical and near-IR (OIR) Microwave Ki-
netic Inductance Detectors, or MKIDs, are su-
perconducting photon counting detectors capa-
ble of measuring the energy and arrival time of
individual OIR photons without read noise or
dark current. They are widely considered to be
one of the most promising emerging OIR astro-
nomical detectors. In this whitepaper we will
discuss the current status of MKIDs and MKID-
based instruments, and lay out the exciting fu-
ture they will enable with sufficient support from
the community.

2 Key Science Goals and Ob-
jectives

MKIDs in the OIR are usually thought of as
noise-free integral field spectrographs (IFSs) on
a chip (§2.1). However, this is only the simplest
use of an MKID. Using them in more complex
instruments opens up new possibilities such as
large survey instruments (§2.2) and multiplexed
high resolution spectrometers (§2.3).

2.1 Low Resolution MKID Integral
Field Spectrographs

MKID focal planes have so far been incorpo-
rated into two main classes of OIR instruments.
First, MKIDs have been used in seeing-limited
IFSs for observations of time variable and low
surface brightness objects with the ARCONS in-
strument [1]. This has led to a number of in-
teresting scientific results [2, 3, 4, 5], but a true
facility class instrument is needed to make fur-
ther progress. One such proposal is for KRAK-
ENS, an instrument of unprecedented capabili-
ties for the Keck I bent Cassegrain port. KRAK-
ENS will be a MKID-based, low resolution, high
sensitivity IFS with at least 30,600 (170×180)
pixels, a 42.5”×45” field of view (FOV), spec-
tral resolution R = λ/∆λ≈40 at 0.4 µm, and
the wide 0.38–1.35 µm bandwidth inherent in
MKIDs. This FOV will place stable calibration
stars on the array in nearly every field for accu-
rate photometry, guiding, and software tip/tilt
corrections, as well as enabling observations of

larger objects like nearby galaxies and galaxy
clusters.

The second class of IFS instruments using
MKIDs have been for high contrast direct imag-
ing of exoplanets. For this application the near-
IR sensitivity, lack of read noise, and fast readout
enable active speckle suppression [6] as well as
extremely effective time-based speckle suppres-
sion using stochastic speckle discrimination [7].
Existing MKID instruments for this application
include DARKNESS for the Palomar 200” [8],
MEC for Subaru SCExAO, and the PICTURE-
C NASA balloon.

In the next decade we hope to use MKID
backends for the Planetary Systems Imager
(PSI) for TMT. PSI is a modular instrument
suite centered on a high-performance adaptive
optics (AO) system that enables a broad range
of sensing and characterization capabilities, with
a particular focus on high contrast applications.
Built on a core capability of wavefront con-
trol and starlight suppression, PSI combines sci-
ence backends providing imaging, polarimetry,
integral field spectroscopy, and high-resolution
spectroscopic capabilities across a wide range
of wavelengths (0.6–5µm, as well as a thermal
channel at 10µm). This instrument is very well
suited to address major questions in the forma-
tion and evolution of planetary systems that will
be relevant in the ELT era.

2.2 Superconducting Multiobject
Spectrographs (SuperMOS)

In a conventional multi-object spectrograph,
like DEIMOS on Keck [9], a mask is inserted at
the focal plane so that light from the targets may
pass through the slits (or apertures), but back-
ground sky and other nearby source photons are
blocked to reduce sky noise and contamination.
After passing through the mask, a dispersive el-
ement such as a diffraction grating or prism is
used to spread the light as a function of wave-
length on a detector. In a SuperMOS, we use the
same mask-based approach to reduce sky back-
ground and contamination from other sources,
but require no dispersive element, instead using
the intrinsic spectral resolution of the MKID de-
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tectors. Since each MKID pixel provides mod-
erate spectral resolution the focal plane is used
much more efficiently, yielding a simple and com-
pact system.

An example of of this type of instrument is
the Giga-z [10] concept. It is enabled both by
the inherent energy resolution and especially by
the large pixel counts possible with the MKIDs.
It is currently envisioned as an instrument for
the Cassegrain or Naysmith focus of a dedicated
4-m class telescope. In order to cover 20,000
square degrees in a reasonable amount of time,
we use a one square degree focal plane. This
square degree field of view is divided among
the 100,000 detectors, each fed by a macropixel
covering 10”×10” of the sky. Galaxy number
counts in I band to 24.5th magnitude [11] ensure
that most macropixels (80 - 100%) will contain
a galaxy at each pointing. A mask cut using
pre-existing LSST (or earlier Dark Energy Sur-
vey) imaging allows the light from one celestial
source per macropixel to fall onto a square mi-
crolens array (99% fill factor), focusing the light
onto the corresponding large plate scale MKID
located directly below. Depending on the spe-
cific camera design, a reimaging system incorpo-
rating demagnification would likely be required
between the mask and the microlens array.

A two year survey with the Giga-z instru-
ment would be capable of returning 30–60 spec-
tral channels on nearly 2 billion galaxies down to
mI∼24.5. The wider wavelength coverage dra-
matically reduced the number of catastrophic
failures in photo-z determination. Giga-z vastly
improving the science return of LSST.

2.3 High Resolution Multiobject
MKID Spectrographs (HRMOS)

High resolution spectrographs with spectral
resolution R>5,000 are one of the most impor-
tant tools for nearly every discipline in astron-
omy, but the design of high resolution spectro-
graphs has been nearly static for the last sev-
eral decades. A high resolution spectrograph
usually contains a collimator, echelle grating,
cross disperser, and finally a camera and sci-
ence detector. The 2-d nature of the resulting

image (echellogram) makes long slits practical,
but along with detector read noise, has prevented
the high number of simultaneous observations of
different objects (high muiltiplex) seen in lower
(R<5,000) resolution spectrographs using image
slicers, fibers, and lenslets.

A radical new type of high resolution multi-
object spectrograph (HRMOS) is enabled by us-
ing MKID focal planes. MKIDs can determine
the energy of each arriving photon without read
noise or dark current, and with high temporal
resolution. If MKIDs are used it allows a con-
ventional echelle spectrograph to be constructed
without the cross disperser. The energy resolu-
tion of the MKID allow us to determine which
echelle order the photon came from [12, 13]. This
drastically simplifies the instrument and allows
the simultaneously measurement of the spectra
of the output of many fibers using a series of
parallel linear strips of MKIDs. The lack of
read noise from the MKIDs mean there is no
penalty for measuring at a high spectral resolu-
tion and then re-binning to lower resolution for
better photon statistics. This design could allow
for future facility-class instrument working in the
visible with >100 fibers inputs and R>50,000.

This development is enabled by a newly de-
veloped linear MKID array that has 2048×N
MKIDs, which contain 2048 MKIDs in each of
N long linear strips, shown in Figure 1. This ar-
rangement allows high quantum efficiency with-
out the use of microlenses.

2.3.1 HRMOS Science: High Dispersion
Coronagraphy

A MKID HRMOS would be especially use-
ful in the search for molecules in the spectra
of planets around nearby stars using the cross-
correlation technique [14, 15, 16] behind a coro-
nagraph [17]. Known as High Dispersion Coro-
nagraphy (HDC), individual spectra are cross-
correlated with known molecular spectra (which
cannot be present in the stray light from the
star), allowing a significant increase (up to an
extra factor of 10−4) raw contrast. The combi-
nation of the extreme adaptive optics, advanced
coronagraphs with small inner working angles,
and the cross-correlation technique could poten-
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Figure 1: A 2048 × 5 pixel MKID array with the strips
separated by 2 mm mounted in a microwave box.

tially provide the extreme contrast (< 10−8 af-
ter post processing) needed for the detection of
Earth analogues with 30-m telescopes [18], as
shown in Figure 2.

In this HRMOS application, 100 fibers would
be arranged into an IFU to sample the area
around the star from roughly 1.5–7 λ/D at the
focal plane of a high contrast extreme AO in-
strument like the Planetary Systems Instrument
(PSI) that was recently selected as the highest
priority second generation instrument concept
for TMT. Having 100 fibers instead of just one
or two in a conventional spectrograph vastly in-
creases the utility of the HDC technique, as it
goes from being only a follow-up technique (you
have to find the exoplanet before you can put a
fiber on it!) to being a simultaneous discovery
and characterization technique.

Since habitable zone planets will be ex-
tremely faint (Proxima Cen b is likely around
25th magnitude), the signal to noise ratio in the
high resolution spectra is extremely low, mak-
ing read noise and dark current-free detectors
absolutely vital. Even if you could get enough
semiconductor pixels assembled to take the 100
simultaneous spectra around the 1 µm sweet
spot [18] required to find these planets, the
read noise and dark current of even the most
promising near-IR semiconductor detectors (like
SAPHIRA, currently only available in a non-

Figure 2: From Wang et al. [18]: Results of a J-band
simulation of an Earth-like planet around a M-dwarf star
at 5 pc, showing cross-correlation S/N contours for given
expected 30-m class telescope instrument spectral resolu-
tions and starlight suppression levels. “All” means that
all molecular lines are used. This plot shows that the
HDC technique on a 30-m telescope can feasibly yield a
S/N>25 detection of molecular lines.

buttable 320×256 pixel format) will likely over-
whelm the signal [19]. A HRMOS on TMT would
have an excellent chance of both discovering the
nearest planets and detecting biosignature gases
in their atmospheres.

2.3.2 HRMOS Science: Stellar Popula-
tions

A MKID spectrograph without a cross dis-
perser would provide two very significant gains
for stellar spectroscopy — boosting efficiency by
∼40% by removing the cross disperser and pro-
viding zero noise photon counting. One can
roughly estimate that the two advantages would
enable one to reach S/N 30 at g=21 in 10h
with TMT — a red giant at the distance of the
Andromeda galaxy, (m-M)=24.5. This brings
genuine high resolution spectroscopy to the An-
dromeda galaxy and its satellites.

A MKID HRMOS would fill a critical gap in
the TMT instrumentation suite due to the lack
of an optical high resolution spectrograph. In-
deed, it would offer multi-object capability which
would be unique even over the limited NFIRAOS
(TMT’s first light AO system) 2’ FOV, or po-
tentially even larger with seeing limited fiber
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Figure 3: The need for higher resolution to measure
the critical r-process element Eu. Eu is one of the few
elements that can only be produced via the r-process.
The Eu II 6645 A line is shown at R=8000, 20000, and
45000 for a star with [Fe/H]=-2 and a star with Solar
metallicity. The Eu II line is not measurable at R=8,000,
the currently planned resolution for TMT WFOS.

injection mechanisms. This opens up to TMT
the subject area of chemical evolution in exter-
nal galaxies. The potential for a high resolution
photon-counting spectrograph to do great work
can be seen e.g. in McWilliam et al. [20] — a
paper on spectroscopy of metal poor stars using
S/N∼30 spectra with 709 citations. This paper
could be repeated, but now for field stars in the
halos of Local Group galaxies such as M31, M33,
NGC 205, NGC 147, etc. As it becomes clear
that a significant fraction of our Milky Way halo
results from some kind of collision history [21]
the study of halo populations in other galaxies
becomes vital.

At present, the Andromeda dwarf spheroidal
galaxies, globular clusters, and halo field stars
are well explored in terms of kinematics, but
abundance determination at R∼ 8000 is less reli-
able. Medium resolution is problematic for abun-
dance determination, as most measurable lines
of interest would be on the flat part of the curve
of growth. While some progress has been made
for constraints on [Fe/H], there remain no reli-
able measurements of elemental composition for
individual Andromeda halo or dwarf spheroidal
stars. Some important lines, like the r-process el-
ement Eu, cannot be measured at R=8000. Fig-
ure 3, courtesy of E. Kirby, shows this for a metal
poor and metal rich star. The widely used Eu
II 6645 line requires high spectral resolution to
measure.

An MKID HRMOS on TMT would trans-
form study of the chemical evolution of Local
Group galaxies. Are the most metal poor gi-
ants in M31 similar to those in the Milky Way?
Are there populations of carbon-enhanced metal
poor stars? Are abundance trends in the M31
globular cluster system similar to those found in
its halo? If the M31 halo formed via different
process, can we see that history in its chemi-
cal evolution? Do M31 globular clusters contain
multiple stellar populations, perhaps associated
with different helium abundance, as is widely ob-
served to be the case for clusters in the Milky
Way? There are also classes of M31 small stellar
systems, such as the extended globular clusters,
which have no Milky Way counterparts.

Even among the Milky Way satellites the
ultra-faint dwarf spheroidals have been difficult
to study because they are so poorly populated
that only subgiant and main sequence stars are
present. This places many of their members
fainter than g=20, rendering them expensive
to access with high resolution spectroscopy by
present-day 8–10 m telescopes.

As the controversy over the nature and struc-
ture of dark matter halos grows, the push to work
on ever more distant systems will as well. Most
of these systems are < 2 arcmin in size, so a
HRMOS behind NFIRAOS could deliver hun-
dreds of radial velocities for stars and globular
clusters in M81 satellites and some ultra-diffuse
galaxies. The goal will be to collect internal dy-
namics for a wide range of small stellar systems.

The integrated light of individual globular
clusters in external galaxies could be used to de-
rive abundances for individual elements out to
the Virgo cluster and beyond with good accu-
racy. At present, Fe , Ca, Si, and Ba derived
from integrated light spectra give good agree-
ment with individual stellar measurements [22,
23] but this technique requires R ∼ 30, 000 spec-
tra over a wide wavelength range. These tech-
niques may shed light on chemical evolution and
populations of the halos for galaxies spanning a
wide range in luminosity and Hubble type.
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3 Microwave Kinetic Induc-
tance Detectors

Low temperature detectors (LTDs), with op-
erating temperatures on the order of 100 mK,
are currently the preferred technology for astro-
nomical observations over most of the electro-
magnetic spectrum, notably in the far infrared
through millimeter (0.1–3 mm) [24, 25, 26, 27],
X-ray [28, 29], and gamma-ray [30] wavelength
ranges. In the important UVOIR (0.1–5 µm)
wavelength range a variety of detector technolo-
gies based on semiconductors, backed by large in-
vestment from both consumer and military cus-
tomers, has resulted in detectors for astronomy
with large formats, high quantum efficiency, and
low readout noise. These detectors, however, are
fundamentally limited by the large band gap of
the semiconductor which restricts the maximum
detectable wavelength (1.1 eV for silicon), and
by thermal noise sources from their relatively
high (∼100 K) operating temperatures. LTDs
allow the use of superconductors with gap pa-
rameters over 1000 times lower than semicon-
ductors. This difference enables a leap in capa-
bilities. A superconducting detector can count
single photons with no false counts while deter-
mining the energy (to several percent or better)
and arrival time (to a microsecond) of the photon
— the optical analog of an X-ray calorimeter. It
can also have much broader wavelength coverage
since the photon energy is always much greater
than the gap energy. While a CCD is limited to
about 0.35–1 µm, the LTDs described here are
in principle sensitive from 0.1 µm in the UV to
greater than 5 µm.

Superconducting UVOIR detectors have
been pursued in the past with two technologies,
Superconducting Tunnel Junctions (STJs) [32,
33] and Transition Edge Sensors (TESs) [34, 35].
While both of these technologies produced func-
tional detectors, they are limited to single pix-
els or small arrays due to the lack of a credible
strategy for wiring and multiplexing large num-
bers of detectors, although recently there have
been proposals for larger TES multiplexers [36].

MKIDs [31, 37] are a newer cryogenic de-

Figure 4: The basic operation of an MKID, from [31].
(a) Photons with energy hν are absorbed in a supercon-
ducting film, producing a number of excitations, called
quasiparticles. (b) To sensitively measure these quasi-
particles, the film is placed in a high frequency planar
resonant circuit. The amplitude (c) and phase (d) of a
microwave excitation signal sent through the resonator.
The change in the surface impedance of the film following
a photon absorption event pushes the resonance to lower
frequency and changes its amplitude. If the detector (res-
onator) is excited with a constant on-resonance microwave
signal, the energy of the absorbed photon can be deter-
mined by measuring the phase and amplitude shifts.

tector technology that can be easily multiplexed
into large arrays. The “microwave” in MKIDs
comes from their use of frequency domain mul-
tiplexing [38] at microwave frequencies (0.1–20
GHz) which allows thousands of pixels to be read
out over a single microwave cable. The UVOIR
lumped element [39] MKID arrays that we have
developed have significant advantages over semi-
conductor detectors. They can count individual
photons with no false counts, determine the en-
ergy and arrival time of every photon with good
quantum efficiency, and their physical pixel size
is well matched to large telescopes. These capa-
bilities enable powerful new astrophysical instru-
ments usable from the ground and space.

MKIDs work on the principle that incident
photons change the surface impedance of a su-
perconductor through the kinetic inductance ef-
fect [40]. The kinetic inductance effect occurs
because energy can be stored in the supercurrent
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Figure 5: Left: A 10,000 MKID PtSi on Sapphire array for DARKNESS mounted in its microwave package. Center:
Detail image of the array showing the CPW transmission line with bond pad for one feedline. Right: Further detail
of several MKID pixels. The densely meandered patches at the top of each pixel are the photosensitive inductors, and
the large sparse sections are the interdigitated capacitors used to tune each MKID to a unique resonant frequency.
A microlens arrays is used to boost the effective fill factor to 90%.

(the flow of Cooper Pairs) of a superconductor.
Reversing the direction of the supercurrent re-
quires extracting the kinetic energy stored in it,
which yields an extra inductance term in addi-
tion to the familiar geometric inductance. The
magnitude of the change in surface impedance
depends on the number of Cooper Pairs broken
by incident photons, and hence is proportional
to the amount of energy deposited in the super-
conductor. This change can be accurately mea-
sured by placing a superconducting inductor in
a lithographed resonator, as shown in Figure 4.
A microwave probe signal is tuned to the reso-
nant frequency of the resonator, and any pho-
tons which are absorbed in the inductor will im-
print their signature as changes in phase and am-
plitude of this probe signal. Since the quality
factor Q of the resonators is high and their mi-
crowave transmission off resonance is nearly per-
fect, multiplexing can be accomplished by tun-
ing each pixel to a different resonant frequency
with lithography during device fabrication. A
comb of probe signals can be sent into the de-
vice, and room temperature electronics can re-
cover the changes in amplitude and phase with-
out significant crosstalk [41].

The primary theoretical limitation on the
spectral resolution is from the intrinsic quasi-
particle creation statistics during the photon ab-
sorption event. The energy from the photon can
end up in two places, the quasiparticle system
and the phonon system. These systems inter-
act, allowing energy exchange between the two,
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Figure 6: A plot of the Fano Limit as a function of
operating temperature (assuming the MKID material has
Tc = 8Top) and photon wavelength.

which reduces the statistical fluctuation from
Poisson by the Fano factor F , typically assumed
to be 0.2 [42]. The spectral resolution of the
detector, R = λ/∆λ = E/∆E, can be written

as R = 1
2.355

√
ηhν
F∆ , where η is the efficiency of

conversion of energy into quasiparticles, typically
0.57 [43], hν is the photon energy, F is the Fano
factor, and ∆ is the energy gap. The energy
gap depends on the superconducting transition
temperature (Tc) of the inductor, ∆ ≈ 1.72kBTc,
and we typically operate at a base temperature
of Top = Tc/8. Going to lower Tc, and hence
lower operating temperature, improves the theo-
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Figure 7: A histogram of pulse heights recovered us-
ing optimal filtering when a PtSi resonator of the design
shown in Figure 5 is illuminated by 808, 920, and 1310
nm photons from laser diode sources. A simultaneous
gaussian fit of peaks gives a measured R of 8.1 at 808 nm.

retical R. Operating at 100 mK yields a theoret-
ical spectral resolution of R=115 at 400 nm. The
Fano Limit as a function of operating tempera-
ture (assuming the MKID is operated at Tc/8)
is shown in Figure 6. Previous research with
Superconducting Tunnel Junctions (STJs) with
superconducting absorbers has shown that su-
perconducting absorbers can approach the Fano
limit [44, 45, 46].

After over a decade of development we are
currently producing high quality PtSi MKID ar-
rays. These are the best UVOIR MKID arrays
ever produced with 20,440 pixels, >90% of the
pixels functional, R ≈ E/∆E∼8 at 808 nm (Fig-
ure 7), and a quantum efficiency of ∼35%. In the
last several months, we have had success develop-
ing anti-reflection coatings that appear to boost
the quantum efficiency (QE) of our PtSi films
above 70% (see §3.2), and future optimization
should further increase this gain. These state-
of-the-art MKID arrays are discussed in detail
in a recent paper in Optics Express [47].

3.1 Linear MKID Arrays

The most recent MKID breakthrough is the
development of linear MKID arrays designed for

Figure 8: An optical microscope image of a linear PtSi
MKID array.

spectroscopy, shown mounted in a microwave
box in Figure 1. These arrays use the flexibil-
ity of the lumped element MKID geometry to
put the photosensitive inductors in a linear strip,
with the capacitor, coupler, and feedlines off to
the side. There is a 180 degree rotated version
on the other side of the central strip. This en-
ables a photosensitive strip with a pixel pitch of
20 µm in the dispersion direction, and 60 µm in
the cross dispersion direction, leaving 40 µm in
the dispersion direction for each capacitor and
coupler. The strips are separated by 2 mm in
the cross dispersion direction. This design also
obviates the need for a microlens array to boost
the fill factor, and contains a larger capacitor
volume which will lower TLS noise and improve
energy resolution. Figure 8 shows a fabricated
linear MKID array.

The first PtSi linear arrays have just been
tested and have shown high internal quality fac-
tor (Qi) resonances, although manufacturing de-
fects in the feedlines have precluded a detailed
analysis of their performance. As both the de-
sign and manufacturing process is nearly identi-
cal to our MEC arrays we expect to have fully
functioning, optimized, and AR coated arrays
ready soon.

3.2 Anti-Reflection Coatings

The main goal of an anti-reflective (AR)
coating is to lower the reflectance of an optical
surface by creating destructive interference for
the reflected light and constructive interference
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for the transmitted light. The performances of
optical coatings are thickness sensitive and simu-
lations can be carried out to tune the thicknesses
of the different layers to optimize the absorption
into the detector. Common materials for anti-
reflection coating are SiO2 (n = 1.45) and Ta2O5

(n = 2.16) because their optical parameters are
nearly constant over a large wavelength range,
which allows nearly perfect impedance matching.
The absorption of the PtSi (60 nm)/SiO2/Ta2O5

multi-layer is optimized with a software (TFcalc)
in the 400 to 1400 nm band by tuning the thick-
nesses of the two oxides. The best results, with
thicknesses of 98 nm and 49 nm for the SiO2 and
Ta2O5 respectively, are shown in Fig 9, show-
ing an improvement in QE of nearly a factor of
2 to roughly 75% across the 400 nm − 1400 nm
wavelength range.

Experiments in our lab have shown that AR
coatings, when applied only to the photosensitive
inductor (using a liftoff stencil), do not affect
inductor quality factor or TLS noise.

4 MKIDs in the 2020s

In 2010 OIR MKIDs were functioning in the
lab only as single pixel, single layer test devices
illuminated by fibers with readouts capable of
probing only two MKIDs at once. In 2019, high
quality 20 kpix MKID instruments with high ef-
ficiency optical coupling to the telescope are per-

manently attached to the Subaru Telescope do-
ing regular observations of exoplanet and disks.
This excellent progress has been due to steady
funding from NASA for the detectors and NSF
for the instruments. If this support continues
and expands we expect the 2020s to be a crit-
ical decade in which MKIDs begin to outcom-
pete conventional semiconductor detectors for
design wins in general purpose astronomical in-
struments. This decade will also likely see the
first MKID instruments selected for a NASA
mission. Several critical projects are needed to
pave the way for this photon counting, energy
resolving future.

4.1 Improving MKID Fabrication

MKID arrays are already doing useful sci-
ence, but suffer from issues due to the research
nature of the UCSB and JPL fabs that make
them that could preclude their use in some ap-
plications, such as precision photometry from
space. These problems manifest as dead pixels
from lithographic problems and particulate con-
tamination, and even dead sectors of the array
from microwave feedline defects. The best ar-
rays from UCSB and JPL currently have about
80% of their pixels pass the most stringent tests,
which is limiting for some science cases like pre-
cision time series photometry. While this yield
may seem low compared to commercial detec-
tors in the UVOIR, it is similar to the yield
achieved by other superconducting arrays made
in research fabs, for example for sub-mm and
CMB astronomy (for example, SCUBA-2 in Ta-
ble 2 of Holland et al. [48]).

One attractive option to develop science
grade MKIDs is through a collaboration between
UCSB and MIT Lincoln Laboratory (MIT/LL).
UCSB is a leader in MKID development and
characterization. MIT/LL is a leader in the field
of superconducting electronics from decades of
investment in infrastructure and process devel-
opment, with the best superconducting produc-
tion fabrication facility in the world. Low tem-
perature detector arrays like the microcalorime-
ters for X-ray astronomy have benefited from
leveraging MIT/LL’s superconducting electron-
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ics fabrication process for developing complex
arrays [49]. It should be possible to increase
the performance and yield of MKIDs by fabri-
cating UCSB-designed MKIDs at MIT/LL pro-
duction fabrication facility. In fact, MIT/LL has
all the equipment required to make UCSB-style
OIR MKIDs already in their production line.

4.2 Improving MKID Spectral Reso-
lution

Most OIR MKID development in recent
years has been targeted for AO-fed instruments
working in J band, centered around 1.3 µm. The
best spectral resolution achieved was roughly
R∼8 at 1 µm. MKIDs work better at shorter
wavelengths, and this demonstrated resolution
should translate to R=15–20 at 400 nm. While
this resolution is sufficient for many science
goals, applications like sorting orders from an
echelle and achieving high resolution (§2.3) is
quite challenging and a higher spectral resolu-
tion is very desirable. The Mazin Lab at UCSB
has recently been funded by NASA for a 3 year
program devoted to improving the spectral reso-
lution of MKIDs using two very promising tech-
niques.

The first technique is using a different super-
conductor and operating the MKIDs at a lower
temperature. This increases the detector sen-
sitivity and, for a fixed phase response, lets us
make a higher volume detector that we can read-
out at higher power. The quasiparticle lifetime
also tends to increase at lower temperatures, im-
proving R as the

√
τqp. We have recently seen

R=10 at 808 nm using Hf MKIDs running at 20
mK.

The second technique is using a newly de-
veloped amplifier, the quantum-limited travel-
ling wave parametric amplifier developed at JPL.
We currently use high electron mobility (HEMT)
amplifiers from Sander Weinreb at Caltech and
the Low Noise Factory. These semiconductor
amplifiers have excellent performance, with noise
temperatures between 2–4 K in the 4–8 GHz
band. This is, however, far from the standard
quantum limit of h̄ω/2 of added noise power
per unit bandwidth, which works out to a noise
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Figure 10: Plotted are projected detector spectral res-
olutions as a function of microwave power delivered to
the hafnium and PtSi detectors with and without a para-
metric amplifier. Detectors optimized for different mini-
mum wavelengths have different readout powers, and two
regions of readout power are highlighted from past in-
struments (400 nm for the ARCONS array and 800 nm
for the MEC array). For each material, measurements of
the device noise are fit to a model for two-level systems
and amplifier noise. The two-level-system noise in our de-
tectors scales as 1/P 1/2 and the amplifier noise scales as
1/P . The spectral resolution for each power is calculated
with the standard optimal filter formalism by rescaling
the measured noise to the new power and using the ma-
terial dependent pulse template. Since this calculation
does not include expected readout power enhancement
from using Hf and the reduction on TLS noise expected
in the larger S1 pixels it should be understood as our best
guess at a lower limit of R400 of roughly 30–50.

temperature of approximately 50 mK/GHz. Re-
cently developments in quantum limited para-
metric amplifiers are beginning to open up new
possibilities. Two main types of parametric am-
plifiers are being studied, based on Josephson
junctions [50] or non-linear inductance in trans-
mission lines [51]. The maximum readout power
and dynamic range of the Josephson-based para-
amps is far too low for an MKID array, leaving
the transmission line amplifiers as the primary
contender. We have recently tested one of our
standard MEC arrays at JPL with this amplifier,
and boosted R from 7 to 10 at 808 nm. Noise
measurements show that we should have gotten
R∼25 with this configuration (APL, submitted),
so there is likely some pulse height dependance
on photon absorption location inside our pixel
that we are in the process of eliminating.

With Hf MKIDs, optimized TLS loss
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through better surface preparation (also a pri-
ority for the superconducting quantum compu-
tation community), and parametric amplifiers
OIR MKIDs could have spectral resolutions ap-
proaching R∼100 in the optical by the end of the
2020s.

4.3 Improving MKID Readouts

UCSB is currently developing the third gen-
eration of digital MKID readouts using the
newly released and incredibly powerful Xilinx
RFSOC, a single system-on-a-chip that contains
8 4 GSample/sec 12-bit ADCs and 16-bit DACs,
a powerful FPGA, and an ARM microproces-
sor. This Gen3 readout, which should be com-
plete by 2020, promises to be able to read out
8192 MKIDs on a single readout board using
only ∼10 Watts. As powerful ADCs and FP-
GAs like the RFSOC continue to improve, MKID
readouts will become cheaper and more power-
ful. We project a Gen3 readout with donated
FPGAs (Xilinx has been very generous about
this) to cost less than $1 per pixel, where the
cryogenic HEMT is beginning to dominate the
readout cost. By the end of the decade MKID
readouts for Megapixel class arrays will be com-
mon.

4.4 Demonstrating MKID Order
Sorting

As described in §2.3 MKID echelle order sort-
ing spectrographs have tremendous scientific po-
tential. In order to realize this potential signif-
icant work needs to be done to further develop
the technology. This work includes developing
optimized linear MKID arrays, maturing MKID
spectrograph designs, demonstrating the ability
to sort orders in a lab testbed, and understand-
ing how to optimally extract spectral informa-
tion from the time-tagged photon lists.

4.5 Funding Climate Disadvantages
Transformative Instruments

The funding situation for astronomical in-
struments in the US is difficult. Simple estimates
show Europe is outspending the US by a factor
of 10 on instruments for 8–10-m telescopes (if

we ignore LSST). This extremely tight funding
environment leads to conservative choices that
disadvantage potentially transformative but less
mature technologies like MKIDs.

4.6 Broadening Participation in
MKID Research

Much of this whitepaper is centered around
the OIR MKID work happening at UCSB with
some fab work at JPL’s Microdevice Lab (MDL).
This is an unfortunately side effect of UCSB
being the only site in the US doing this kind
of work. Europe has recognized this opportu-
nity, with new and large optical MKID pro-
grams started at U. Dublin (Prof. Tom Ray),
U. Durham (Prof. Kieran O’Brien), SRON (Dr.
Pieter de Vissers), and Observatoire de Paris
(Dr. Faouzi Boussaha). Durham and Paris have
both been funded to build new MKID-based OIR
instruments. At least one more OIR MKID node
in the US is essential for stability and to main-
tain US leadership.
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