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1 Introduction

Gaia is a revolutionary space mission developed by ESA and is delivering 5 parameter as-
trometry, photometry and radial velocities over the whole sky with astrometric accuracies
down to a few tens of micro-arcseconds. A weakness of Gaia is that it only operates at optical
wavelengths. However, much of the Galactic centre and the spiral arm regions, important
for certain studies, are obscured by interstellar extinction and this makes it difficult for Gaia
to deeply probe. This problem can be overcome by switching to the Near Infra-Red (NIR)
but this is not possible with silicon CCDs. Additionally, to scan the entire sky and make
global absolute parallax measurements the spacecraft must have a constant rotation and this
requires the detectors operate in Time Delayed Integration (TDI) mode or similar.

A clear improvement on Gaia is to go into the NIR and such a proposal has been made
to ESA (Hobbs, et al., 2016, [I]) and ESA subsequently studied the mission concept in
detail (GaiaNIR — Study to enlarge the achievements of Gaia with NIR survey). The ESA
study found that a TDI solution would give similar accuracies as Gaia despite doubling the
wavelength range. However such TDI technology for NIR detectors scarcely exists mainly
because it is not possible to transfer electrons from pixel to pixel in typical materials used
for NIR detectors. The science cases for GaiaNIR have been outlined by Hobbs, et al., 2016,
[1] and in a proposed collaboration on this project with the US recently submitted as an
Astro2020 Science white paper on “All-Sky Near Infrared Space Astrometry”, McArthur, et
al., 2019, [2]. Additionally a further white paper on this topic will be submitted to ESA’s
continuation call of Cosmic Vision, called Voyage 2050, in August of this year. The science
return from such a mission is very promising but a solution to the technology problem of
implementing a TDI like solution in large format NIR detectors must now be found.

2 Possible solutions

Astronomical-grade infrared detectors are well established for both ground- and space-based
applications. At shorter IR wavelengths, the premium detectors are HgCdTe devices, espe-
cially those fabricated by Teledyne in the USA. Unlike CCD detectors, the state-of-the-art
for optical wavelengths, the HgCdTe devices cannot be used in a scanning mode, in which the
image is moved within the device synchronously with the movement of the scanning of the
optical system (i.e. TDI). TDI is useful in many applications, and particularly for surveys,
as individual exposures are not required, and data simply pour out of the detector array
in a continuous stream. An example of TDI in ground-based astronomical applications is
the Sloan Digital Sky Survey (SDSS), one of the most influential astronomy initiatives ever
while a space-based example is ESA’s Gaia mission mentioned above. Such surveys could
not have been achieved without TDI operation but have been limited to the optical band.
This is a significant limitation. The importance of NIR in modern astronomy and cosmol-
ogy is abundantly clear with most major ground-based facilities operating powerful infrared
instrument suites, and major upcoming missions such as James Webb Space Telescope, Eu-
clid and WFIRST are either completely or significantly orientated to infrared observations.
There is a compelling case, therefore, for an infrared detector that can operate in TDI.
There are a number of possible approaches to developing TDI-NIR detectors:


http://sci.esa.int/future-missions-department/60028-cdf-study-report-gaianir/
https://www.cosmos.esa.int/web/voyage-2050

. A hybrid solution which uses a HgCdTe NIR detector layer bump bonded to a Si CCD.
The idea is that the photons are detected in the surface NIR layer and transferred to
the Si buried channel at each pixel. Charge can then be easily moved along the pixels
of the same column in sync with the charge generation, thus achieving TDI. What is
not known yet is how efficiently the charge can be transferred from the NIR detection
layer to the Si CCD and if both materials can be operated at the same temperature.
. Using HgCdTe Avalanche Photodiodes (APDs) with TDI-like signal processing capa-
bility. The challenge here is to scale the technology to large format arrays and ensure
the dark current does not introduce unwanted noise at temperatures above 100 K.

. Ge detectors due to the lower band gap can detect NIR radiation of longer wavelengths
than possible with Si detectors [3]. Clearly this technology is new but many of the
manufacturing techniques developed for Si are also applicable to Ge and further de-
velopment is needed to see if they can be used for our application with low noise and
visible-NIR capabilities in large format arrays.

. Microwave Kinetic Inductance Detectors (MKIDs) are cooled, multispectral, single
photon counting, multiplexed devices, capable of observation in the UV through to
SWIR They measure the energy of each photon to within several percent and log the
time of arrival to within 2 microseconds, making them ideal for TDI like operation.
Whilst relatively new, small MKID arrays have already been utilised on ground-based

telescopes for astronomy, demonstrating their potential.

The purpose of this white paper is to highlight possible technology for a NIR Gaia-like
astrometry mission. A number of approaches have already been identified but detailed
studies are needed in the coming years to assess the best approach and to develop laboratory
demonstrators before full scale production of such devices can be undertaken.

3 HgCdTe NIR detector bump bonded to a Si CCD

3.1 Introduction

The recent acquisition by Teledyne of e2v brings
together the world’s premium infrared and opti-
cal detector manufacturers. Whatever the ad-
vantages or disadvantages this may present to
the astronomy community, one outcome is that
Teledyne-e2v is seeking to merge their intellec-
tual property to maximise their mutual benefit.
Hence, a new hybrid detector which combines the
infrared detection capability of their HgCdTe de-
vices with the TDI capability of transferring sin-
gle electrons in their CCD devices is of interest,
and GaiaNIR provides an opportunity to explore
whether such a hybrid NIR TDI detector may be
feasible. They have adopted the name, Hybrid
Teledyne-e2v Detector (HyTED).
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Figure 1: Overall concept for the method-
ology to produce a HyTED device. Hy-
brid system of MCT and CCD would al-
low charge domain TDI in NIR.



3.2 Methodology

Mercury Cadmium Telluride (MCT) detectors use a HgCdTe detector layer bump-bonded to
silicon CMOS circuitry using indium beads. The proposal is to replace the CMOS circuitry
with the highly developed CCD structure, so that the indium bonds interface directly with
the CCD pixels, to transfer electrons or holes directly into them, after which they can be
clocked to the readout register as in a normal CCD in TDI operation (see Fig. [1)).

To bump bond a HgCdTe detector plate to a Si CCD structure conducting Indium beads
are normally used. The problem is that transferring one electron (or hole) into the top side of
the bead gives some statistical number of electrons (or holes) out of the bottom. If you want
one electron (hole) at the top to produce one electron (hole) at the bottom, the bead has to
be a semiconductor biased in the correct manner. This statistical broadening of the signal
is an extra noise term and is normally fine if there are many electrons, however with TDI
operation, electrons (holes) are transferred one at a time, and this noise broadening caused
by the Indium being a conductor engulfs the single electron (hole). The critical technology
to develop is to find a semiconductor replacement for the Indium beads which is then biased
in such a way that an electron (hole) in at the top produces one out at the bottom.

The proposed CCD pixel structure to accept

the charge from the HgCdTe layer via the indium Ardicomig
bead is shown in Fig. 2l This is a 3-phase device. Emf Barvirimplant m '
There is a metal pad between electrode 2 and 3 puried channel

to contact the indium bead. While the structure /// ///////// ,/////// / ////

can be designed with standard techniques to pro- /)l /
vide the pixel sizes, quantum efficiencies, noise
levels, readout rates, dark currents and auxiliary //// """""""""""""""""" // - /
structures such as supplementary buried chan- N+ region :
nels and anti-blooming drains for astronomical
use, the transfer of single photo-electrons from
the HgCdTe layer via the indium bead is not
yet feasible. No such transfer occurs in the cur-
rent Teledyne devices, so the problem doesn’t
arise: instead, the photoelectrons remain in the
HgCdTe layer, to be discharged at the end of the
exposure by the CMOS circuitry associated with
each pixel on the other side of the indium bead,
and the measured flux is then proportional to the
discharge. A second consideration is that the transfer is then of electrons upwards, or holes
downwards, rather than electrons, so that the CCD layer needs to be of p-channel Si, rather
than the n-channel devices mostly used in astronomical application. This is, however, less
problematic, as e2v have had a long history of developing CCDs using p-channel technology
which have excellent performance and generally superior tolerance to radiation damage.
The main challenge is the transfer of information at the single electron level into the CCD.
In TDI mode, this is particularly severe: as the image scans over the detector, counts above
the background level fall first into one pixel, then the next and the next, so the integration
time on each pixel may be as short as a millisec, with correspondingly low charges to be

Figure 2: Proposed pixel structure. A
pixel is enclosed in the black rectangle.
Poly is an abbreviation of polysilicate,
which is the material from which the elec-
trodes are constructed. The figure shows
the metal contact for the bump bond, and
the 3 CCD electrodes (poly 1, 2 and 3)
used to transfer charge through the CCD.



transferred — occasionally single transfers. The accumulation of charge occurs at the CCD
pixel level, and not in the HgCdTe layer. Related is the time constant for the transfer: if this
is not much shorter than the pixel clocking, then the charge may enter into pixels later in
the scan than those intended, creating a trail behind the image. This is associated with the
persistence effects which are present in the HgCdTe devices. Other challenges relate to the
optimisation of the operating temperature, as lower temperatures are favoured to minimise
the dark current produced in the HgCdTe layer, while warmer temperatures are better for
maximising the charge transfer in the Si in the presence of radiation damage. The envisaged
development programme would be as follows:

1. Investigate the physical characteristics of barriers to the transfer of charge from HgCdTe
layer to a Si pixel. Is this caused by electropotentials at interfaces to and from the
indium beads, or because the indium conductor cannot be fully depleted, or some other
effect; are there fundamental limits to the rates at which the holes can diffuse through
the HgCdTe layer? This will require an understanding of the materials, processes and
structures and close cooperation with Teledyne-e2v is needed to make progress.

2. Explore steps to enhance the electron transfer — different materials for the pads on
the CCD pixel interfacing to the indium beads (see Fig. [J); replacing indium with
a different material which can be fully depleted; active biasing of the HgCdTe layer
with respect to the Si; retaining the current CMOS layer in the HgCdTe devices and
interfacing from there into the CCD, etc.

3. Optimizing the temperature for the hybrid device. This would include the characteri-
sation, in the presence of radiation damage, of a p-channel e2v CCD at temperatures
of 100 — 140K, colder than currently utilised. The implications for some associated
processes, such as glue bonds for flexi-connectors, will also need to be assessed.

4. The specification of an interim hybrid device, using a Si photodiode detection layer and
n-channel CCD working at optical wavelengths, and carrying out a programme testing
the performance of the transfer of electrons through the bump bonds into the pixels.
A minimum of 2 devices would be desirable, to measure device-device variability.

5. The prototyping of one or more HyTED device types, and then carrying out test
programmes with the aim of characterising the end-end transfer explored in (1) and
(2) above. Again, the number of devices to be characterised will be dependent on
the success of the processing, and on processing capacity within Teledyne-e2v, but a
minimum of 2 devices would be desirable, in order to measure device-device variability.

4 Electron Initiated Avalanche Photodiodes (e-APDs)

APDs, semiconductor electronic devices which exploit the photoelectric effect and can be
considered the semiconductor analogue of the photomultiplier and with sub-electron readout
noise, is very promising technology with the limitation of increasing the dark current at tem-
peratures above 100K. The very fast read out of these devices makes APDs inherently suited
to a TDI like signal processing mode. APDs are generally fabricated using n*/n~(v)/p*
structures as shown in Fig. 1 from [4]. Electrons and holes in the depletion region of an
APD get accelerated under the influence of a high electric field and gradually acquire suf-



ficient kinetic energy to give nearly exclusive impact ionization of the electrons, hence the
name e-APDs [5]. These newly generated carriers also obtain enough energy from the field
in reverse bias and create another electron-hole pairs. This process is known as avalanche
multiplication. The electric field across the depletion region separates the photo-generated
electron-hole pairs and thus contributes to the photo current. The n~ region starts acting
as a multiplication zone and the surrounding p* region is known as the absorption layer.
Internal photocurrent gain takes place through impact ionisation. The multiplication region
of the APD plays a crucial role to achieve high avalanche gain at low bias with low noise and
high bandwidth. In general, APDs operate below the break down voltage of the semicon-
ductor and are known as linear amplifiers for the input optical signal, whereas Geiger mode
APDs work at greater than the break down voltage [4].

The development of HgCdTe e-APDs was a sig-
nificant advance in detector technology for the short-
wave infrared (SWIR) to mid-wave infrared (MWIR)
wavelength region [6]. HgCdTe photodiodes have high X
quantum efficiency and low dark current at low tem- J YO region
perature. The optimal operating temperature de- T
pends on the band-gap or the cut-off wavelength of
the HgCdTe material. Recently, the photoelectron
multiplication gain has reached 500 or higher, more
than sufficient to overcome the electronic noise of the Figure 3: Fig. 1 from [4] shows a
ROIC, while still maintaining low dark current and gchematic diagram of an APD.
near unity excess noise factor. HgCdTe e-APDs op-
erate below the breakdown voltage and provide linear
analog output. They have a wide dynamic range and no dead-time and no afterpulsing.

The European Southern Observatory (ESO) first started to explored e-APD arrays in
2008 for astronomy [7] and they clearly showed promise but were not suitable for long
integration times and low dark current. Arrays were manufactured but needed cooling to
40K and had gains limited to x20 and integration periods limited to 10s of milliseconds.
However in 2012 parallel developments in Metal Organic Vapour Phase Epitaxy (MOVPE)
for thermal imaging had progressed to the point that prototype e-APD devices could be
trialled. The first MOVPE batches showed the benefit of bandgap engineering immediately
with operation at temperatures up to 100K, gains up to x60 and few defects in integration
times of seconds [7]. Omne of the reasons e-APD arrays have matured so quickly is that
these conditions are easily met using near-standard manufacturing processes. e-APDs offers
voltage controlled gain at the point of photon absorption, electron gain values up to 1000,
virtually zero power consumption, bandwidths to GHz, high stability, high uniformity, no
impact on the pixel design and non-destructive readout schemes with subpixel sampling are
possible with negligible added noise. Noise due to dark current is not included here and can
be significant particularly as it is gain-amplified in many devices, so some caution with dark
current is needed and it may be a limiting effect.

The focus of e-APD development for astronomical use in recent years has been on wave-
front sensing. Achieving the demanding tolerances on wavefront error control necessary to
reach the diffraction limit with the next generation of Extremely Large Telescopes (ELT)
has driven the development of the SAPHIRA e-APD [8, O] 10, 1T], 12, 13], 14]. As such the
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SAPHIRA will be the detector of choice for many ELT AO wavefront sensor systems (e.g.,
the Giant Magellan Telescope Integral Field spectrograph, GMTIFS, [15]). Largely with this
goal in mind, a commercial product offering a turn-key solution to such imaging is available
[16], the C-RED 1 camera from FirstLight]l| imaging. While highly successful [I7], the com-
mercial package is designed to deliver a reliable ground-based solution but is not optimised
for the weight, power and environment constraints relevant to a space-based observatory.

On-sky performance has been demonstrated in imaging mode a number of times, notably
for the purposes of “lucky imaging” [11, [18]. Indeed, early success with one such system
at the Australian National University (ANU) has led to a space-based TDI mission for
astronomy. The “Emu” mission will demonstrate space-flight readiness for SAPHIRA with a
~100 mm telescope deployed on the International Space Station (ISS) which mitigates many
of technical hurdles associated with deploying small payloads, instead focusing on technology
demonstration. A prototype system was successfully demonstrated on-sky in April 2019.
While the current generation SAPHIRA e-APD has only a modest scale (320x256 pixels,
but with a high pixel operability, approaching 100%), a number of active collaborations are
underway [I4] to deliver large format devices more relevant for the extended focal plane
mosaics typically needed for large survey missions.

In conclusion, e-APDs because of their very fast readout can allow the photon counts
to be signal processed to give a TDI like operation mode suitable for a scanning space
mission, e.g. reference [19] shows TDI implemented in standard CMOS technology. MOVPE
growth provides full control over the bandgap and doping profile with arsenic used as the
acceptor and iodine used as the donor. For e-APDs it allows the absorber, p-n junction
region and multiplication region to be independently optimised [7]. The main challenges
are, firstly, to extend the response of the material down to 400nm by removing a part of the
detector substrate allowing visible light to also be detected while maintaining a reasonable
QE. Secondly, to greatly increase the detector size format which is possible as a future
technology development. There are many applications of such detectors in astronomy, Earth
observation and, of course, military. For example, the Pulsed All-sky Near-infrared Optical
SETI (PANOSETT) observatory will feature an array of Geiger-mode e-APDs in a wide-field
NIR (950-1650 nm) instrument capable of scanning the northern hemisphere [20][21].

5 Ge detectors

Silicon CCDs have found many applications in astronomy and in particular for the Gaia
mission by exploiting the numerous advantages of silicon CCDs such as noiseless binning
(grouping signals from adjacent pixels for enhanced sensitivity) and the ability to perform
TDI to track moving objects with no noise penalty which is so useful for detecting very
faint signals. However, silicon has a limited wavelength range and even red enhanced silicon
detectors struggle to reach 1100 nm. Clearly any material with similar electrical properties
to Si but a broader wavelength range would be ideal for GaiaNIR. Germanium is such a
material, being sensitive to NIR and soft x-rays, but is a less well developed material for use
in detectors. Fig. 4| shows a comparison of the spectral sensitivity of Si, Ge and InGaAs.
InGaAs is another material which is sensitive in the NIR but (due to absorption in the InP

thttps:/ /www.first-light-imaging.com /product /c-red-one/
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substrate used to grow the InGaAs layers) lacks a strong overlap with the optical band while
Ge is sensitive in both optical and NIR. This is ideal for our proposed mission as we also
want to re-measure the same stars as seen by the optical Gaia mission while also detecting
new objects in the NIR .

Leitz, et al. [3] at MIT Lincoln Labs have
pioneered the development of Ge CCD tech-
nology. They have shown that germanium [y
offers higher energy resolution than silicon
and because of the high mobility of both
electrons and holes in germanium, output
amplifiers built on germanium are expected
to exhibit lower white noise than those built 20% J v \g
on silicon. Additionally, because defect- 0 200 1300 1800
free 200-mm-diameter germanium wafers are Wavelength (nm)
commercially available (see Umicore Sub-
strates, Olen Belgium)), germanium CCDs
can provide these advantages while retain-
ing compatibility with the Very Large Scale
Integration (VLSI) tool set used to fabricate silicon detectors. Because this material can
leverage the advanced semiconductor process tools used for silicon CCDs, and because the
CCD is inherently a monolithic detector that does not require hybridization to a readout
circuit, germanium CCDs matching the large formats of silicon CCDs should be attainable.

A germanium CCD therefore potentially
offers the unique combination of broadband EG P T prer >
response, low noise, and large detector for-  jomm  somm  200mm warers 200-mm Waters
mat. A front-illuminated germanium CCD /@ wf o
was first demonstrated in the 1970s [22], and ) ‘.
later further explored in the 1990s, but these :
devices suffered from a variety of imitations ,,..cee  smetees s S
such as high dark-current and poor charge- o e o
transfer efficiency (CTE). In contrast, re- Figure 5: MIT Lincoln Laboratory has been
cent improvements to germanium material developing germanium imagers for several

quality now enable germanium CCDs with years for X-ray and NIR-band imaging.
performance attributes that match silicon

CCDs. In particular, recent work on the growth of high-quality GeO, gate dielectrics on Ge
has enabled high-quality Ge-based metal-oxide-semiconductor (MOS) capacitors, p-n junc-
tion diodes, and buried-channel MOS field-effect transistors (MOSFETSs), collectively the
building blocks of CCDs [23].

The primary challenge in fabricating low-noise CCDs on germanium is the realization of
low semiconductor-dielectric interface state density required for both low dark current and
high charge-transfer efficiency (CTE). Recently, mid-gap surface state density values below
10! eV~ em~2, approaching the interfacial quality of silicon devices, have been reported for
a gate dielectric stack utilizing GeOy at the insulator/semiconductor interface. These GeO,
layers can be formed by thermal or plasma oxidation, and are usually capped with high
relative-permittivity dielectrics to prevent subsequent degradation [23]. Future Directions

Broadband sensitivity

w | /N
PN VAR | \
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External Quantum
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Figure 4: Comparison of the broadband re-
sponse of Si, Ge and InGaAs.
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for Germanium CCDs focus on three areas as detectors scale from today’s small arrays to
large-format devices suitable for new science missions.

1. Increase the charge-transfer efficiency. MIT Lincoln Labs have demonstrated that
charge-transfer efficiency (CTE) is limited by bulk trapping, likely from trace metallic
contaminants. In the absence of bulk trapping, CTE expected to be at least 99.99%.
Known methods for eliminating metallic contamination in CCDs are being used.

2. Increase the array size to Mpixel class detectors, primarily by reducing the density of
gate-to-gate shorts. While the yield for today’s germanium CCDs is low, silicon CCDs
fabricated in a similar but more mature process show much higher yield; an increased
emphasis on using in-line metrology and inspection should close that gap.

3. Perform backside illumination for high sensitivity. a) All germanium CCDs to date
are frontside-illuminated with metal coverage shading the front surface. b) Wafer-scale
backside illumination of silicon CCDs is commonplace, but with limited quantities of
germanium wafers available MIT Lincoln Labs are first pursuing chip-level thinning. c)
MIT Lincoln Labs have developed a process to backside thin and passivate hybridized
Ge diode arrays which they are currently testing on germanium CCDs.

6 Microwave Kinetic Inductance Detector (MKID)

Microwave Kinetic Inductance Detectors (MKIDs) are photon-counting, energy-resolving
cryogenic detectors that enable simultaneous observation per pixel of photons over a wide
wavelength range; they are sensitive to wavelengths from 0.2 to 5 microns (UV - mid-IR),
although it is not possible to image over the entire wavelength range with a single array.
MKIDs measure the individual photon energy to within several percent or better, providing
multi-spectral imaging without the need for filter wheels. In addition, they measure the
photon time of arrival to within 2 microseconds and unlike conventional detectors that have
set exposure and readout times, MKIDs effectively video a scene.
MKIDs belong to a group of detectors known as Low Temper-

ature Detectors (LTDs). These detectors typically operate at sub- O O
Kelvin temperatures, often requiring 50-100 mK. There is a long his-
tory spanning ~ 30 years of LTD research, covering devices such as
microcalorimeters, bolometers, transition edge sensors (TES) and C;(}cj/ﬁ/'
superconducting tunnel junctions (STJ). Despite their cooling re- =
quirements, LTDs have already been used in space on Planck (52 l l
X bolometers, at 100 mK) and Astro-H/Hitomi (36 pixel TES at ~ © O
50 mK) and will be flown on the future Athena mission (3168 pixel
TES at 50 mK). In comparison, MKIDs are relatively new (10—
15 years), however their development, pioneered by B. Mazin of
the University of California, Santa Barbara has been rapidly pro-
gressing [24] [25]; MKID arrays have already been demonstrated by
Mazin’s group on the 200” Hale Telescope at the Palomar Observatory and the Lick Obser-
vatory 3-m telescope, and now have a permanently installed instrument at the Subaru 8-m
telescope. MKIDs are inherently easy to multiplex, giving them a significant advantage over

Figure 6: Electrical
equivalent circuit for
an MKID pixel
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other LTDs, which require either a single amplifier chain per pixel or a complex multiplexing
technique. This allows substantially larger MKID arrays to be achieved; the largest array to
date is 20440 pixels, with megapixel arrays anticipated in the near future.

6.1 MKID fabrication and photon detection process

MKIDs are lithographically produced, thin film superconducting detectors. Each MKID
pixel is comprised of a superconducting inductor and a capacitor to form a resonant (LC)
circuit, with each pixel having a different resonant frequency. Fig. [6] shows the equivalent
electrical circuit. MKIDs utilise the kinetic inductance effect whereby incident photons
change the surface impedance of the superconductor by breaking Cooper pairs into quasi-
particles. A photon is detected by monitoring a constant microwave probe signal tuned to
the pixel resonant frequency — the resulting change in surface impedance translates to a
change in the probe signal phase and amplitude that is proportional to the photon energy.

Multiplexing is easily achieved by using a comb of probe signals (one frequency for each
pixel) within one feedline. Using this method, 2,000 pixels can currently be read out using
one feedline pair (2 coaxial cables); one feedline carries the microwave signals to the array,
whilst the other carries the return signals to the read-out electronics. Therefore to read out a
20,000 pixel array, only 10 feedline pairs (20 coaxial cables) are required. This multiplexing
technique gives MKIDs a significant advantage over other LTDs.

6.2 Detector cooling, readout noise and TDI

With the exception of the detector array and the low temperature amplifier (called the
High Electron Mobility Transistor, HEMT), all of the read-out electronics are at room-
temperature; the array needs to be operated at 100 mK, whilst the HEMT needs to be
cooled to ~ 4 K. The Mullard Space Science Laboratory (MSSL) has recently demonstrated
a new continuous sub-Kelvin cryo-cooler [26] that could enable continuous 100 mK cooling
for a 400,000 pixel array (200 feedline pairs). There is no read-out noise associated with the
detector array itself, only the associated Poisson uncertainty in the conversion of the photon
energy into quasi-particles. In terms of the readout, an incident photon alters the microwave
probe signal and the corresponding signal phase and amplitude change along with the event
time, is logged. The system floor noise of the read-out electronics is set by the HEMT and
the room-temperature ADC (Analogue-to-Digital converter).

Each detected photon produces a data packet containing information regarding the pho-
ton energy and the time of arrival (to within 2 ps). MKIDs effectively video a scene as they
are continuously read out — there is no set exposure and read-out times. This makes MKIDs
inherently suited to TDI like operation, enabling improved image reconstruction and minimal
blurring, providing the spacecraft pointing is accurately known. MKID’s energy resolution
means that they can act as spectrographs opening intriguing new possibilities. Further de-
tails can be found in a dedicated Astro2020 white paper on MKIDS (MKIDs in the 2020s,
Mazin, et al. 2019 [27]).



6.3 Development Requirements

The following near term developments are needed in order for an MKID NIR TDI focal plane
to be realised for a possible future mission. These developments would also be required to
provide an input into, and investigate, a system level design.

e Production of large MKID arrays: Whilst fabricating a small MKID array (which is
produced using lithography) is a relatively straightforward task, ensuring significantly
larger format arrays (target of Mpixel), potentially with a specific pixel layouts, requires
investigation and development.

e Readout Electronics: The current read-out electronics are for ground use and have not
been optimised. The electronics, which are a significant part of the imaging system,
will need to be re-evaluated, customised for large arrays and designed for space use.

e Cooling system: The MSSL continuous sub-Kelvin cryo-cooler is based on space qual-
ified heritage [28] but is currently not designed for space. Analysis to identify modifi-
cations for flight is required initially, followed ultimately by qualification. A complete
thermal analysis and mass/power trade-off is also needed to determine the most suit-
able pre-cooling chain, whether that is liquid helium, cryo-coolers or a combination
(e.g. Herschel, Planck, Astro-H).

7 Conclusions

In this white paper we have briefly outlined some technologies capable of achieving all-
sky NIR Gaia-like astrometry. Such technology may have other applications in astronomy;,
remote sensing, planetary observation and for LIDAR technology. Four approaches have
been identified each with their own unique challenges.

e The hybrid solution using a HgCdTe layer bump bonded to a Si CCD must demonstrate
that charge can be efficiently transferred to the silicon CCD layer and show that the two
materials can be operated effectively at the same temperature in a space environment.

e HgCdTe APDs with TDI signal processing technology are very promising and rapidly
developing but its scaling to large format arrays needed for space astrometry must also
be demonstrated.

e Ge detectors are very promising new devices for our application but must show that the
technology can mature sufficiently quickly to meet our needs for large format detectors.

e MKIDs are very interesting with high time resolution, moderate resolving power, and
natural multiplexing but scaling MKID detectors for space applications is a challenge
and, in particular, moving towards Giga-pixel space based devices is very challenging
given that they also require active cooling.

We have briefly reviewed the state of the profession for scanning NIR detectors. There
are clear ways forward but this will require direct investment (Small: < $500M) by space
agencies, funding agencies and private companies to enable this technology for space appli-
cations. The purpose of this white paper is to highlight this developing field to ensure this
technology is available for space and other applications. Laboratory studies are needed in
the short term before investment in full scale production of such devices can begin.
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