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Abstract

Mid-Infrared imaging is vital for the study of a wide variety of astronomical phe-
nomena, including evolved stars, exoplanets, and dust enshrouded processes such
as star formation in galaxies. However, infrared detectors have traditionally been
expensive and it is difficult to achieve the sensitivity needed to see beyond the
overwhelming mid-infrared background. Here we describe the upgrade and commis-
sioning of a simple prototype, low-cost 10 um imaging instrument. The system was
built using commercially available components including an uncooled microbolome-
ter focal plane array and chopping system. The system was deployed for a week on
the 1.52m Carlos Sanchez Telescope and used to observe several very bright mid-
infrared sources with catalogue fluxes down to ~ 600Jy. We report a sensitivity
improvement of ~ 4 mag over our previous unchopped observations, in line with our
earlier predictions.

Keywords Mid-infrared - Instrumentation - Detectors - Low-cost - Microbolometer

1 Introduction

The mid-infrared (~ 5 — 20 um) background can be several orders of magnitude
brighter than most astronomical sources with an ~ 11 um surface brightness of
about —3 mag/sq arcsec [4, 22]. This overwhelming thermal background is combined
with high spatial and temporal variability of sky emission, which varies unpre-
dictably on sub-second timescales due to air turbulence in the optical path [1], and
telescopic emissions, which vary on sub-minute timescales. As a result, observing
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at these wavelengths is very challenging, particularly for ground-based facilities.
Infrared-optimised telescopes must deploy a chopping/nodding regime frequently
during observations to reach the fundamental photon shot-noise limit of the thermal
background. These differential observations must occur at a rate faster than the back-
ground fluctuations. Chopping involves tilting either the secondary or a foreoptics
mirror between on- and off-axis positions at a frequency of ~ 10 — 50 Hz [29]. Sub-
traction of images taken at these two positions improves the background. Telescopic
emission is not uniform and the on- and off-axis chop positions have different opti-
cal paths. This results in telescopic emission residuals in chop-subtracted images.
These residuals are removed by nodding, where the telescope is slewed to an off-axis
position and the chop sequence repeated, at a frequency of ~ 0.1 Hz [29].

Quantitative mid-IR astronomy began in the 1960’s (e.g. [21]) using heavily
cooled single-element bolometric detectors on small telescopes. Since the 1970s,
more complex and specialised mid-IR detectors have been successfully deployed on
spaceborne and high-altitude facilities on telescopes such as the Stratospheric Obser-
vatory for Infrared Astronomy (SOFIA) (EXES; [35], FORCAST; [13]) and the
Kuiper Airborne Observatory [5]. Several high-profile, space-based and high-altitude
surveys have also been conducted in the mid-IR, using the Wide-field Infrared Sur-
vey Explorer (WISE) [42], Infrared Astronomical Satellite (IRAS) [27], Akari [25],
the Infrared Telescope in Space (IRTS) [24], The European Large Area ISO Sur-
vey [17], Midcourse Space Experiment (MSX) [8], SPITZER (IRAC; [9]), and the
Revised Air Force Geophysical Laboratory (RAFGL) [31].

High sensitivity, multi-pixel mid-IR detectors have been in operation at large
ground-based telescopes since the 1990’s, such as the 3 m IRTF (MIRSI; [7]), the
6.5 m MMT (MIRAC; [14]), the 8 m Gemini (Michelle; [11], T-ReCS; [38], TEXES;
[18]) and VLT (VISIR; [19], MIDI; [20]), the 8.2m Subaru (Spectro-Cam; [12],
COMICS; [16]) and the 10.6 m Gran Telescopio Canarias (GTC) (CanariCam; [28]).
These large facility, mid-infrared systems use Si:As impurity band conduction arrays
for their detectors. These instruments are not readily adapted for use on smaller
1 — 2 m class telescopes due to the high costs associated with their extensive cool-
ing systems and specialist detector systems. It is generally considered impossible to
reach the sensitivity needed to observe all but the brightest mid-IR sources, with an
uncooled, simply designed, low-cost instrument.

Uncooled microbolometers are designed to detect incident radiation at wave-
lengths in the range 7.5 — 14 um as changes in resistance across their focal plane array
(FPA). Typically employing vanadium oxide (VOx) or amorphous silicon (a-Si),
microbolometer technology was originally developed for defence, security and indus-
trial applications in the 1980s. These systems are now integrated into commercial
‘off the shelf” (COTS) thermal imaging cameras for a price of less than 10000 GBP,
and can deliver noise-equivalent temperature differential (NEdT) measurements of
< 200mK [3], although our previous lab-based experiments have recorded NEdT
measurements of ~ 60 mK [33]. Apart from some applications on small (< 200 mm)
telescopes [36, 40] and high-altitude experiments [39], these systems had never been
adapted for use in astronomy.

Mid-IR radiation is an effective tracer of star and planet forming regions,
evolved stars, Solar System objects and galaxies. Successful use of widely-available,
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microbolometer technology on 1 — 2m class telescopes would expand the avail-
ability of mid-IR observing by reducing the costs associated with the development
and maintenance of ground-based infrared instruments. A system of this kind would
never be competitive with the cooled systems employed at the larger facilities listed
above, however it could prove beneficial for monitoring bright variable systems and
Solar System planetesimals like asteroids. One current high-profile example of this
is the recent optical dimming event of red supergiant Alpha Orionis, in which N-
band observations were employed to aid in the interpretation of such an event [10].
Alongside applications in time domain astrophysics, a greater availability of mid-
IR observing facilities on smaller telescopes could provide an invaluable resource to
train students and early career researchers on mid-IR observing techniques and data
analysis.

Recognising the potential for astronomical applications of this technology, we
developed and commissioned a low-cost, COTS system for use on the 2m Liverpool
Telescope (LT) using germanium re-imaging foreoptics to collimate the light onto
the detector. The prototype was described in [34] and is a small (< 1kg), passively
cooled, N-band (10 um) imager adapted from a FLIR Tau camera with a 640 x 512
VOx microbolometer array. The instrument was successfully deployed on the LT [37]
in January 2019 and we obtained a series of observations of very bright mid-infrared
objects and the total lunar eclipse. From these observations, we recorded a sensitiv-
ity limit of ~ 7 x 103 Jy for a single, ~ 0.11 second exposure. This corresponds to
a 30 detection limit for only the brightest mid-infrared objects, such as IRC+10216
[26] and Mars. A theoretical sensitivity for a stack of exposures totalling an integra-
tion time of ~ 60 seconds was calculated to have a detection limit for objects 163
times fainter than IRC+10216 (~ 3 x 102 Jy). However, we were unable, given the
overwhelming and rapidly variable background, to reach that limit.

In this paper, we describe an upgrade to our prototype instrument to include a
chopping mirror in the foreoptics. We present the result of a week-long programme
of observations on the Carlos Sanchez Telescope (TCS) [15] at the Observatorio
del Teide, designed to test the chopping mirror and implement an effective nodding
regime.

2 Optical design

The basic instrument is described in detail in [34]. Our goal here is to improve instru-
ment sensitivity with the integration of a chopping mirror to the foreoptics, which
are comprised of two anti-reflection (AR) coated germanium lenses, a 50 mm diame-
ter field lens and 25 mm diameter collimator lens with 76 mm separation. In addition
to this, we carried out our observations on the TCS which is optimised for infrared
imaging. The TCS is an f/13.8 telescope with a Dall-Kirkham design. The TCS
is comprised of a thin 1.52m concave ellipsoid primary mirror and an undersized
0.37 m convex spherical secondary mirror, with minimal baffling. These features act
to lower the thermal background compared to a conventional optical telescope such as
the LT. The TCS has a 10 um diffraction limit of 1.66 arcsec. To rescale the image to
include a chopping mirror in the foreoptics and determine the appropriate plate scale
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for use on the TCS, a ray tracing analysis for on- and off-axis light was conducted.
The updated design can be seen in Fig. 1.

This updated optical design does not change the position of the field and collima-
tor lenses with respect to each other and the detector. However, the new optical design
accounts for the change in telescope and the inclusion of the chopping mirror at 45°.
Computed spot diagrams for on-axis and =+ 2.7’ off-axis rays show no deviation from
the spot diagrams produced for the base instrument as described in [34], with off-
axis aberration still present. However, the 80% geometric encircled energy (GEE) of
system is changed and a diameter of <1.7 arcsec for on-axis rays and <3.6 arcsec for
+ 2.7 off-axis rays is computed. Assuming a 2D Gaussian profile, this corresponds
to a spatial full width half maximum (FWHM) of < 1.1 and < 2.3 arcsec for on- and
off-axis rays respectively. From this, it was predicted that 2 pixels would sample the
diffraction limit, with a plate scale of 0.96"”, for on-axis rays, with slightly worse per-
formance off-axis. The imaging field of view (FOV) is reduced to a circular aperture
of 500 pixel diameter due to the likely presence of an aperture stop within the camera
lens (see [34] for further discussion).

3 Predicted sensitivity

In order to predict the potential sensitivity of the system, we make the assumption that
the nodding and chopping system will remove all variability in the sky and telescope
emission, and that the sensitivity is therefore dominated by the ability of the detector
to discriminate a temperature rise (its NEDT) against a high static background flux.
Assuming an N-band sky magnitude of —3.0/sq arcsec [4, 6, 22] and pixel scale
of 0.5 arcsec per pixel we calculate an incident power per pixel on the detector of

Ll L
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Fig. 1 Side-view ray trace of the instrument, as mounted on the TCS, for on- and off-axis beams of 2.7
arcmin. This zoomed-in portion shows how the chopping mirror C, acts to direct the rays perpendicular to
the optical path and onto the 50mm diameter field lens L, that sits at the front of the existing foreoptics
(see [34])
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5.8 x 107! W integrated over the detector wavelength range. Similarly assuming a
telescope temperature of 293K and an emissivity of 0.1, we predict a wavelength-
integrated incident power per pixel on the detector of 1.2 x 1078 W.

The effect of the total of the sky and telescope incident power on the detector pixel
temperatures can then be modelled as:

P =kT?, (1)

where T is the recorded temperature of a pixel and k is a calibration constant for the
detector which can be calculated from the recorded background temperature of sky
images (~ 253 K) [32].

If 6 P is the additional power that would fall on detector from a star which will
raise the detector temperature by the NEDT then we can modify (1) as:

P+68P =k(T + NEDT)*. )

For our measured NEDT of 60 mK, this predicts an excess power requirement to
detect an object of P ~ 1.1 x 10~ W. Assuming this power is spread over 9
pixels (i.e. within a circle of FWHM 1.5 arcsec given the plate scale), this implies a
sensitivity limit of ~ 450 Jy (corresponding to a magnitude N ~ —2.8).

4 Mechanical design

The instrument was constructed as modelled in Fig. 2. The field and collimator lenses
were housed in an anodised aluminium tube of length 114 mm and diameter 50 mm.
The camera mounte§d to this tube via a custom adaptor milled from low-grade alu-
minium. Rather than integrate these parts into the main body of the instrument, they
were left self-contained and the instrument body was designed to have two options
for mounting; (1) at the straight-through position, used only when the chopping
mirror is removed from the light path, to aid in initial setup of the instrument, (2)
perpendicular to the direction of rays entering the instrument. The Edmund Optics
75 x 100mm gold coated, 4-6 A chopping mirror (reflectance at 45°: Ryyg > 96%
for 3-8 um and 10-14 pm, dropping to Rayg > 75% for 8-10 um) is located at posi-
tion (3) and sits atop a Thorlabs ELL18K 50.0mm piezoelectric rotation stage which
operates with a home angle of 45° and directs the light in the perpendicular direc-
tion onto the field lens. A 1° angular tilt of the chopping mirror results in a relative
chop size of ~ 44 pixels on the detector and 22 arcsec on sky. The rotation stage
is recommended to be mounted in a horizontal orientation, especially when carry-
ing a load such as the chopping mirror. However, the varying elevation of telescopes
means that we could not guarantee the platform would deployed in horizontally dur-
ing observations and it is worth noting that this can cause a reduction in performance.
A Thorlabs DCC3240M optical CMOS camera (4) was included to provide the pos-
sibility of dual wavelength data acquisition or to act as a guide camera. This can
be deployed with a 25.0 x 23.5 x 1.0 mm polished germanium optical window act-
ing as a dichroic on a Thorlabs 60mm Piezo Elliptical Linear Stage (5). Low-cost,
rapid-prototyping techniques including 3D printing were used to create mounts for
the optomechanical components. All parts were installed on a 1cm thick aluminium
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0.4m

Fig. 2 The mechanical design of the instrument. Main components are numbered as follows; (1) first
mount position for camera and foreoptics, (2) second mount position for camera and foreoptics, (3) chop-
ping mirror on rotational platform, (4) Optical camera on adjustable mount for focusing, (5) deployable
silver mirror on sliding platform, (6) mounting plate

baseplate with a folded aluminium cover. The instrument was installed at ~ 0.84 m
from the TCS mounting flange using the mounting plate (6). When constructed, the
prototype has dimensions of ~ 35 x 40 x 20cm and a weight of 6.0 £ 0.05 kg. The
instrument was constructed without dust/dirt protection due to the brevity of the test-
ing period. However, introducing rubber seals around the mounting points and/or a
slight positive air pressure inside the instrument would be beneficial in protecting the
mechanical components and optics from dust/dirt for a longer period of deployment
on a telescope.

The instrument was paired with a Beelink J45 Mini PC running Xubuntu. This
CPU allowed for all parts to be controlled remotely. Software was written to trig-
ger data acquisition with each exposing period lasting for ~ 2 minutes, with images
downloading at a frequency of ~ 9 Hz. The python Pyserial module was employed
to communicate with mechanical platforms. This was integrated into the exposing
routine for smooth operation of the instrument and to aid in identifying the mirror
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position for each exposure. A complementary python pipeline was designed to reduce
the raw data. This pipeline sorts input observations into chopped and unchopped sub-
sets. Any observations taken while the chopping mirror is in motion are identified and
removed. Chopped exposures are then subtracted from subsequent unchopped expo-
sures. The resulting chop-subtracted observations are then mean-stacked to output
one master observation for each exposing period.

5 Commissioning and on-sky testing

The instrument was installed on the TCS on 2019 Sep. 10. It was deployed over eight
nights, although three nights were lost to rain. The performance of the instrument for
dual-wavelength acquisition was not robustly tested due to the time lost to weather.
However, the optical system proved useful for pointing.

5.1 Background reduction

All observations were taken with a chop throw of ~ 11”, at a frequency of 1 Hz. The
chop frequency was limited by the speed and positional accuracy of the rotational
platform. Although Thorlabs state the piezoelectric rotation stage has an operational
velocity of 430 degrees per second with a homing and bidirectional repeatability
of 0.1 and 0.05 ° respectively, and a bidirectional accuracy of 0.4 °, we found that
when moving the platform through small angles of 0.5-1° at frequencies greater
than 1 Hz,we were unable to achieve sufficient positional repeatability for chop-
ping the mirror. The platform deploys coarse (0.5 to 1.0mm) and fine (1.0 um)
tuning for positioning and we observed that these mechanisms occured on slower
timescales, with each position needing to be separated by at minimum ~ 1 s to set-
tle between movement. When chopping at a higher frequency, the platform could not
settle between each movement and these small changes in position would translate
into a large degree drift for the duration of the observation. This limitation imposed
on the chopping frequency by the positional tuning was observed in both lab (hor-
izontal on an optical bench) and observing (with varying elevation and orientation)
conditions however it may have been exacerbated by non-optimal use of the plat-
form. We observed no sign of electromagnetic interference from the piezo driver for
the rotation platform however this was not robustly tested. We expect any unwanted
signal from the rotational platform would be overwhelmed by the general thermal
infrared background in the optical system and the uncooled detector housing.

The instrument was initially intended for use with a standard ABBA nod pattern,
where chop sequences occur at nod positions A and B, and the final observation is
produced from the subtraction pattern (A-B)-(B-A). This would produce an obser-
vation with four images of the object; two negative and two positive. However, the
positional accuracy of the offsets of the TCS used to implement nodding was poor.
Figure 3a shows a reduced observation taken with an ABBA nod pattern. Six object
images are present as a result of the lack of alignment between positive and negative
sources in subtracted chop images. There is also an overwhelming residual back-
ground as a result of unsuccessful subtraction of telescope emissions. An ABCD
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b

Fig.3 The positional accuracy of the telescope affects the performance of nod patterns. a Standard ABBA
nod pattern that relies on accurate re-positioning of the telescope to produce two positive and two negative
images of the object. b ABCD nod pattern where the telescope is nodded through 4 different positions
in 15” increments. This results in an increased number of positive and negative images of the source but
removes the need for accurate positioning

pattern was thus used to remove the need for accurately re-positioning the telescope.
In an ABCD nod pattern, the telescope is nodded perpendicular to the chop direc-
tion through four different positions in 15” increments. Chop sequences occur at
all positions and the final observation is produced from an (A-B)-(C-D) subtraction
pattern. An example of an observation using the ABCD nod pattern can be seen in
Fig. 3b. Overall, nodding produced variable results when it came to removing tele-
scopic emissions. The nod period of ~ 2 minutes was determined by the offset speed
of the telescope and was much longer than nod periods deployed at other facilities.
Due to weather constraints, a shorter nod period was not tested. However, it is likely
that the background reduction can be improved by reducing the nod period to < 1
minute.

An example of full background reduction can be seen in Fig. 4. Figure 4a shows
a typical single raw observation taken in one exposing period with the instrument.
The FOV is limited to the circular aperture in the centre. Emission from the telescope
is visible as the spider-like structure. Figure 4b is the output from the chop reduc-
tion pipeline which we used to create and stack ~ 300 chop-subtracted observations.
Figure 4c and d are the result of subtracting nod positions for this exposure. Obser-
vations of the brightest source NML Cyg were fitted with Gaussian profiles that have
a FWHM in the range of 1.0 — 2.0 arcsec. The lower values are consistent with the
spatial FWHM obtained from the optical design and the diffraction limit. Many of
the combined source images with higher FWHM appear to be elliptical in shape.
This could be a result of the optics and the off-axis aberration that is inherent in the
design. However, there are several other processes involved in obtaining the chop/nod
reduced observations that could have contributed to the ellipticity of sources. The
telescope tracking was poor and over the course of a chop cycle, may have drifted
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c d

Fig. 4 An example of background reduction after upgrading the instrument to include a chopping mirror
and taking observations with an ABCD nod regime. a Single raw observation of the red supergiant NML
Cygni, taken with the TCS on 2019 September 14. b ~ 300 stacked, chop-subtracted, observations of
NML Cygni. ¢ Subtraction of stacks from nod positions A and B. d Full ABCD chop/nod reduction. The
imaging field of view is limited to the circular area in the centre

sufficiently that the sources in early and late, chopped and unchopped, observations
were no longer aligned. Likewise, the positional accuracy of the rotational platform
on which the chopping mirror was mounted could have been insufficient.

5.2 Sensitivity

To determine the sensitivity of the system, observations were taken of bright 11 xm
sources selected from the RAFGL catalogue [31]. In [34] observations of IRC+10216
were determined to be at the sensitivity limit of the instrument as no fainter sources
were detected. IRC+10216 is a known variable and listed with an RAFGL N-band
magnitude of —7.7. However, it was unobservable from the Observatorio del Teide in
September 2019, therefore no direct comparisons could be made for the new instru-
ment configuration. Instead, 13 sources were selected from the RAFGL catalogue
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for observation, of which 10 could be detected by eye in the chop/nod reduced data.
Table 1 lists these sources by their common identifier. Any objects marked by an
asterisk were not confirmed in the data. Each object was cross-referenced across three
other mid-infrared catalogues; the WISE all-sky source catalogue [42], the IRAS
point source catalogue v2.1 [2] and the MSX catalogue [8]. The objects are also
listed against their type as listed in the SIMBAD astronomical database [41], with all
sources likely to have at least some variability.

The measured counts of all ten observed sources were compared to their respective
catalogue fluxes, with RAFGL magnitudes converted to flux using the conversion
factor given by [30]. Measured counts were determined from averaging the total sig-
nal measured in an aperture for all positive sources present in chop/nod-subtracted
observations. Aperture size was selected using a curve of growth technique to max-
imise signal to noise ratio. Several of the sources show significant variability between
catalogue values so a least squares regression was conducted for sources whose
catalogue fluxes are within 30% of each other. Although a naive estimate of linear-
ity, based on a select few sources, the positive linear trend obtained from the least
squares regression indicates the instrument is likely functioning as intended. How-
ever, a further factor of 10x in sensitivity would be needed to observe typical bright,
non-variable standard stars, such as Vega, to allow a proper calibration.

Table 1 The 13 bright 11 ;um sources selected for observation from the RAFGL catalogue

Identifier 11 pm Flux Jy 11.6 um Flux Jy 12 um Flux Jy 12.13 um Flux Jy Type

(RAFGL) (WISE) (IRAS) (MSX)
NML Cyg  6.38¢+03 4.65e+02 2.812e+03 Red supergiant
R Cas 1.60e+03 3.89e+02 1.34e+03 Variable Star (Mira Cet)
IRC+10420 1.60e+03 3.68e+02 1.35e+03 1.2925e+03 Post-AGB Star (proto-PN)
o Herculis  1.33e+03 4.24e+02 Double or multiple
x Cyg 1.22e+03 4.20e+02 1.69¢+03 1.7482e+03 S Star
IRC -10529* 1.01e+03 3.07e+02 1.26e+03 OH/IR star
W Aql 1.01e+03 3.41e+02 1.58e+03 S Star
IRC +10365 8.41e+02 3.06e+02 7.20e+02 Variable Star (Mira Cet)
V Cyg 8.41e+02 3.38e+02 6.65e+02 8.9260e+02 Carbon Star
IRC +20370 8.41e+02 3.09e+02 5.34e+02 Carbon Star
e Aql* 6.38e+02 2.71e+01 2.79e+01 Variable
GY Aql 5.82e+02 3.04e+02 4.61e+02 Variable Star (Mira Cet)
X Oph* 5.82e+02 2.82e+02 4.09e+02 Variable Star (Mira Cet)

All objects are listed by their common identifier with those marked by an asterisk (*) confirmed as
not detected in the data. All objects have been cross referenced across four catalogues (RAFGL, WISE,
IRAS and MSX). RAFGL and WISE flux values have been converted from their respective catalogue
magnitudes. Sources are either identified as known variables or likely to display some variability
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6 Discussion and conclusion

In this paper we have presented further development of our prototype instrument that
adapts mid-IR uncooled microbolometer technology for use on ground-based tele-
scopes in the 1-2 m class. To improve on sensitivity, a chopping module was designed
and implemented into the foreoptics of the system to be deployed alongside a tele-
scope nodding routine. This addition was built from commercially available units,
at a low cost, much like the rest of the instrument. The instrument was tested on
the TCS over 8 days in 2019 September. A plate scale of 0.5” per pixel on the TCS
was recorded, indicating that the image is slightly oversampled. Varying nod patterns
were tested, with an ABCD pattern selected as the best option for the positional accu-
racy of the telescope and system. After commissioning, a programme of observations
of 13 stellar objects selected from the RAFGL catalogue was conducted.

Whilst ten sources were observed with the system, only four fulfilled a selection
criteria of having catalogue values that vary by no more than 30%. The faintest of
these sources, according to the values recorded in RAFGL, IRAS and MSX, are V
Cyg and IRC +10365, with fluxes in the range of ~ 600 — 900Jy. This is a vast
improvement on our previous observations with an unchopped system, as sources
~ 70 times fainter are now observable. The addition of a chop/nod regime puts the
system much closer to our theoretical estimate of a sensitivity limit for the system of
~ 4501Jy as derived in section 3, and our previous empirical estimate of ~ 300Jy
based on scaling our previous Liverpool Telescope data, and is starting to approach
that of bright asteroids (~ 100Jy) [23].

The offset speed of the telescope, and the positioning speed of the rotational plat-
form limited the period at which chopping and nodding could occur. Under these
circumstances, the quality of chop/nod background reduction was highly variable,
with overwhelming residuals left in several reduced images. Reducing the nodding
and chopping periods in particular, to frequencies more in line with those at other
infrared facilities, is likely to make some improvements to the sensitivity and quality
of data reduction going forward. This would require improving the positional speed
and accuracy of the chopping mechanism, and by deploying the system on an infrared
telescope that is optimised for fast nodding. The rotation platform used for chop-
ping has a manufacturer estimated minimum lifetime of 600,000 rotations, which for
a chopping frequency of 1 Hz corresponds to a minimum lifetime of ~ 166 hours
of operation. This, alongside the observed limitations in positional repeatability and
chopping frequency, makes this particular rotation platform not a long term solu-
tion for chopping. We would advise greater investment into a rotational stage. These
improvements to the chopping and nodding would likely gain sensitivity improve-
ments much closer to our previously estimated limits and a greater longevity of the
instrument. It may be that further sensitivity improvements could be achieved by
modestly cooling (e.g. §T = —40 K) the system with the addition of a low-cost
thermoelectric cooler to lower system NEDT and internal thermal emission in the
camera.
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