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A B S T R A C T 

Lunar impact flash (LIF) observations typically occur in R , I , or unfiltered light, and are only possible during night, targeting the 
night side of a 10–60 per cent illumination Moon, while > 10 

◦ abo v e the observers horizon. This severely limits the potential to 

observe, and therefore the number of lower occurrence, high energy impacts observed is reduced. By shifting from the typically 

used wavelengths to the J -band short-wave infrared, the greater spectral radiance for the most common temperature (2750 K) of 
LIFs and darker skies at these wavelengths enables LIF monitoring to occur during the daytime, and at greater lunar illumination 

phases than currently possible. Using a 40.0 cm f /4.5 Newtonian reflector with a Ninox 640SU camera and a J -band filter, we 
observ ed sev eral stars and lunar nightside at various times to assess the theoretical limits of the system. We then performed LIF 

observations during both day and night to maximize the chances of observing a confirmed LIF to verify the methods. We detected 

61 > 5 σ events, from which 33 candidate LIF events could not be discounted as false positives. One event was confirmed by 

multiframe detection, and by independent observers observing in visible light. While this LIF was observed during the night, 
the observed signal can be used to calculate the equi v alent signal-to-noise ratio for a similar daytime event. The threshold for 
daylight LIF detection was found to be between J mag = + 3.4 ± 0.18 and J mag = + 5.6 ± 0.18 (equi v alent to V mag = + 4.5 and 

V mag = + 6.7, respectively, at 2750 K). This represents an increase in opportunity to observe LIFs by almost 500 per cent. 

Key words: instrumentation: detectors – methods: observational – Moon – planets and satellites: surfaces – meteorites, meteors, 
meteoroids. 
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 I N T RO D U C T I O N  

ue to the shared meteoroid environment of the Earth and Moon, the
ame distribution of material, from the same sources, impact both
he lunar surface and our planet. On Earth, the smaller (sub-meter
cale) impactors ablate in the atmosphere as meteors and never reach
he ground. In the atmosphere less environment of the Moon, this
aterial instead impacts the lunar surface with its full kinetic energy.
During the impact, this kinetic energy is partitioned to excavate a

rater, provide kinetic energy to ejecta, and heat of the surface and
jecta, while a small fraction ( < 0.5 per cent) is released as a flash of
ight known as a lunar impact flash (LIF). Although typical LIFs only
ast a fraction of a second, they can be observed from Earth using
oderately sized telescopes, allowing both amateur and professional

stronomers to monitor them. Since the first confirmed observation
n 1999 (Ortiz, Aceituno & Aceituno 1999 ; Ortiz et al. 2000 ), o v er
00 LIFs have been reported in literature and LIF databases (Ortiz
t al. 2002 , 2006 , 2015 ; Madiedo et al. 2014 , 2015a ; Suggs et al.
014 ; Ait Moulay Larbi et al. 2015 ; Bonanos et al. 2018 ; Madiedo,
 E-mail: djs22@aber.ac.uk 

 

n  

L  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
rtiz & Morales 2018 ; Zuluaga et al. 2020 ; Avdellidou et al. 2021 ;
anagisawa et al. 2021 ; Sheward et al. 2022 ). 
Using these observations, analyses have been performed to de-

ermine parameters of the impact processes (Suggs et al. 2014 ;
adiedo et al. 2015b ; Avdellidou et al. 2021 ), as well as the

hysical properties of the impactors (Avdellidou & Vaubaillon 2019 ;
vdellidou et al. 2021 ). Dual-camera observations performed using
ifferent wavelength filters ( R and I ) on each camera have allowed
he temperatures of the flashes to be obtained (Bonanos et al. 2018 ;

adiedo et al. 2018 ; Avdellidou & Vaubaillon 2019 ; Avdellidou
t al. 2021 ). 

While many studies have been performed, there are still parameters
hich are not strongly constrained. F or e xample, the luminous

fficiency, η, is the proportion of the impactor’s kinetic energy K . E .
hat is converted into luminous energy, E lum 

, and in literature is taken
etween 10 −4 and 10 −3 (Bouley et al. 2012 ; Suggs et al. 2014 ).
his order of magnitude uncertainty of this vital parameter leads to

he estimation of meteoroids mass with also an order of magnitude
ncertainty. 
In order to better constrain the luminous ef ficiency, ef forts are

ow being made to locate the formed impact craters from observed
IFs. By locating the formed craters, valuable ground truth data is
© 2023 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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btained with which crater scaling laws can be applied to derive 
he amount of energy imparted to crater excavation. We can use 
his value to empirically determine the percentage of the impactors 
nergy that was not released as light, therefore determining how 

uch was released as light. 
In order to facilitate such a study, open source softw are w as de-

eloped in order to locate the formed craters using Lunar Reconnais- 
ance Orbiter Narrow Angle Camera (LR O NA C) images (Sheward 
t al. 2022 ). As the LR O NA C has a nominal pixel scale of 0.5 m
er pixel, craters of only a few meters rim-to-rim diameter will 
ave large uncertainty in their diameter, and therefore are of less
alue to be used for further studies. These smaller craters are also
ore difficult to identify within LR O NA C images, as shadows or

rocessing errors can easily hinder their detection. Consequently, 
arger craters ( > 10 m) are preferred for two-fold reasons; their larger
iameter lowers the percentage error from not knowing where within 
 pixel the rim of the crater lies, and the larger crater and ejecta blanket
llows for the crater itself to be more easily detected and identified
ithin LRO NAC images. 
The monitoring of impact flashes associated with large impacts 

s also an important goal for future lunar seismic experiments, as
his will provide seismic sources generating high signal-to-noise 
eismic signals, with known location and time of the seismic 
ource (Lognonn ́e et al. 2009 ). This enables structure inversions
f the crust (e.g. Chenet et al. 2006 ) or upper mantle (Lognonn ́e,
agnepain-Beyneix & Chenet 2003 ). See Lognonn ́e & Johnson 

 2015 ) for a re vie w on Planetary and Lunar seismology and Yamada
t al. ( 2011 ) for a demonstration of the importance of impacts
onitoring for future seismic network on the Moon. 
The issue with a necessity for larger craters, ho we ver, is that the

igher energy impacts required to form them are less frequent (Suggs
t al. 2014 ; Avdellidou et al. 2021 ). Due to the low frequency of
he larger impact events, the importance of maximizing the hours 
n which the Moon is observed for LIFs becomes apparent, in 
rder to capture as many of these events as possible. In order to
xtend the potential observing hours for LIFs, we present here our 
ustification and methodology for observing using the J band rather 
han the typically used R and I bands to observed LIFs during local
aytime. 
In Section 2 , we present the theoretical basis for the technique.

n Section 3 , we discuss the telescope, camera, and experimental 
etup we used to observe, and the tests we performed in order to
erify the theoretical basis. In Section 4 , we present the first results
rom our lunar observations. We discuss the limits of the system we
av e dev eloped and discuss the technique and how it impacts LIF
bservations in Section 5 . 

 T H E O RY  

.1 Current obser v ations 

urrently LIF observations are performed in R or I band, or unfiltered
isible light. In order to observe LIFs, two moderately sized ( > 20 cm)
r bigger telescopes with attached cameras are required (Suggs et al. 
014 ), or a beamsplitter system wherein two cameras can be attached
o a single telescope (Xilouris et al. 2018 ). The use of two cameras
imultaneously observing the same scene is important to discriminate 
eal LIFs from false positives, such as cosmic rays passing through 
he detector. As the flash only lasts for a fraction of a second, it is
ssential to use a low exposure rate ( < 50 ms) with a high frame rate
 > 20 Hz) in order to accurately measure the epoch of the event as
ell as extract the LIF signal from the background. This background 
an be quite high due to illumination from earthshine, and stray light
rom the illuminated hemisphere of the Moon. 

Observing sessions are limited to local (observer) night time (solar 
ltitude < −18 ◦), while the Moon is > 10 ◦ abo v e the observers hori-
on, and has a lunar phase between 10 and 60 per cent. Observations
ave to be performed on the lunar night-side, and benefit from being
s f ar aw ay from the illuminated portion of the lunar surface as
ossible, in order to a v oid the scattered sunlight to achieve a dark
nough background to detect the LIF. These requirements severely 
imit the number of hours per month in which LIF observations can
e performed. 
In order to confirm observed candidate flashes as true LIFs, they

eed to satisfy several conditions. First, the candidate flash must be
tationary with respect to the lunar surface; ho we ver, the brightening
r dimming of the flash can be present in subsequent frames as the
IF peaks and wanes. If the candidate flash is present in two or more
onsecutive frames, the event can be confirmed to be a LIF with
igh certainty. Mo v ement of the candidate between frames would
ndicate an interstitial object (between the observer and Moon), such 
s a satellite or aeroplane. 

As cosmic rays can present similarly to a single-frame LIFs, if the
ash is only present in a single frame a simultaneous secondary
bservation is required to confirm the event. The appearance of 
he candidate flash in only one observation implies that either the
andidate could be due to a cosmic ray interaction with one of the
ameras, or – given that the two cameras are observing in different
avelengths – that the candidate flash has an intensity below the 
etection limit in one of the cameras. Neither of these cases can be
onfirmed or distinguished between without the flash appearing in 
ubsequent frames. 

In order for a LIF to be detectable, its signal needs to be
istinguishable abo v e the background noise in the image, which is
omprised of the dark-current, read-out noise, and any other sources 
f illumination in the image. To be detected with certainty, the LIF
eeds a signal-to-noise ratio (SNR) greater than 5 (Rose 1973 ). If
he SNR < 5, the signal cannot be identified with certainty abo v e the
oise in the image. The SNR for a LIF can be defined as 

NR = 

S ′′ √ 

S ′′ 
g 

+ N ap · σb 
2 

≈ S ′′ 

σb ·
√ 

N ap 

, (1) 

here S ′′ is the sum of the digital numbers of the background-
ubtracted point spread function within an area with N ap pixels 
representing the clean signal contribution from the source), σ b is 
he standard deviation of the background given in counts, and g is
he gain of the camera in electrons count −1 . S ′′ is defined as 

 

′′ = C 

′′ − ˜ B · N ap , (2) 

here C 

′′ is the sum of the digital numbers of the point-spread
unction within the area N ap , and ˜ B is an estimation of the background
ounts per pixel, generally calculated from the average of an annulus
round the source. 

S ′′ 

g 
= σS ′′ 

2 , (3) 

here σS ′′ is the noise contribution from the signal itself, in 
N. When observing during the daytime, the contribution of the 
ackground is much greater than the contribution from the signal, 
nd therefore S ′′ 

g 
� N ap · σb 

2 . This allows for the simplification 
hown in equation ( 1 ), where the negligible noise contribution from
he signal is omitted. 

As the SNR is strongly determined by the standard deviation of the
ackground, a lower standard deviation allows for the detection of 
MNRAS 529, 3828–3837 (2024) 
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Figure 1. The number of photons released by wavelength for the typical 
LIF of 2750 K. Temperatures either side of the typical LIF in increments of 
250 K are represented by the thinner lines. The coloured bands represent the 
FWHM bandwidths of the respective filter bandwidths. 
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ainter signals. Similarly, in the case where the standard deviation is
reater than the contributions from the dark current and read out noise
f the detector, the standard deviation of the background is related
o the average count of the background ( σb ∼

√ 

B ), by reducing the
verage background count the standard deviation will also decrease.

.2 Obser v ations in J band 

.2.1 LIF brightness 

n 1975–1976, Eichhorn ( 1975 , 1976 ) performed impact experiments
sing Van der Graaf accelerators, and adopted the close approxima-
ion that the impact flash radiates energy as a blackbody, with spectral
adiance described by Planck’s law: 

 λ( λ, T ) = 

2 hc 2 

λ5 

1 

e 
hc 

λk B T − 1 
, (4) 

here B λ( λ, T ) is the spectral radiance at the wavelength, λ, and
emperature, T , h is the Planck constant, c is the speed of light, and
 B is the Boltzmann constant. It has since been assumed in literature
hat LIFs behave as black bodies (Suggs et al. 2014 ; Bonanos et al.
018 ; Avdellidou & Vaubaillon 2019 ; Avdellidou et al. 2021 ). 
The temperature of the impact flashes can then be estimated

y fitting a Planck function to multiwavelength observations of
IFs. The temperature of the first 112 LIF ev ents observ ed by
ELIOTA has been obtained, with a distribution peaking at around
2750 K (Avdellidou et al. 2021 ). 
The peak wavelength of the spectral radiance of a LIF can be

btained using Wien’s displacement law: 

peak = 

b 

T 
, (5) 

here b is a constant of proportionality, equal to 2898 μm K, and T
s the temperature in K elvin. This gi ves the typical LIF of 2750 K a
eak wavelength of λ = 1.05 μm. 

As previously mentioned, typical LIF observations take place in
he R and I bands. The ef fecti v e midpoint wav elength for these
ands in the Johnson–Cousins filter system are λR = 0.66 μm, and
I = 0.81 μm; clearly for LIFs which peak around λ = 1.05 μm,
bserving in these bands is sub-optimal. 
As modern LIF observations are typically performed using quan-

um detectors (see Section 3.1 ), the number of photons released
t each wavelength is responsible for the signal detected by the
etectors. Fig. 1 shows the number of photons released by wavelength
or the typical LIF of 2750 K. In J band approximately 2.6 times more
hotons are released than in I band, and 5.3 times more than in R
and, representing an increase in the produced signal, and a much
reater possibility to detect LIFs in the J band. 
This translates to a J band flash of 1.8 mag brighter than in R

and, and 1.04 mag brighter than in I band, assuming the UBVRI
agnitude system based on the number of detected photons. 
While hotter ev ents hav e the peak wavelength closer to the I band,

t these temperatures the photons emitted by such LIFs are greater
n all observed bands, and would therefore still be detectable in the
 band. 

.2.2 Sky brightness 

bserving in the J band also provides other advantages over the R and
 bands for local daytime and twilight observations. The dominant
ackground source of light during local daytime is the atmospheric
cattering of solar light, known as dayglow. Dayglow is dominated
NRAS 529, 3828–3837 (2024) 
y the Rayleigh scattering of sunlight through the atmosphere, which
s given by the equation: 

R = 

8 π3 

3 

( m 

2 − 1) 2 

λ4 N 

2 
, (6) 

here λ is the wavelength of light being scattered, m is the refractive
ndex of the atmospheric gas medium, and N is the number of
olecules per unit volume of the atmospheric gas medium, and thus
R ∝ λ−4 . 
This strong dependence on wavelength means that bluer wave-

engths have a greater scattering effect, and therefore there is less
cattering at longer wavelengths, and consequently a darker sky as
bservations mo v e into the short-wav e infrared. Compared to that
f the I band, in the J band light is only scattered approximately
9 per cent as much, which, given the same signal, would equate to
n increase in SNR by a factor of 2.4. 

This reduction in scattering reduces the atmospheric extinction,
hich allows for observations of the Moon to occur at larger airmass,

nd therefore lower altitudes, further extending the theoretical
bserving hours. Similarly longer wavelengths are affected less by
hanges in refractive index, and therefore the atmospheric seeing is
ore fa v ourable at J band than in the R and I band. 
Consequently by observing in the J band, the theoretical observing

eriod is greatly extended over that of the R and I bands. 

.2.3 Observing hours 

n order to calculate the time that the Moon can be observed for
IFs, we hav e dev eloped a tool which simulates the sk y positions of

he sun and Moon, and calculates the illuminated fraction. Running
he simulator for observations according to the requirements for V
and, detailed in Section 2.1 , o v er an arbitrary 4 month period we
nd that from the location of Nice (France) we can observe for
5.7 per cent of the time. When adjusting the parameters of the

imulation for observing in the J band for the same 4 month period
e can observe for ≈27 per cent of the time. Clearly, observing in

he J band offers a tremendous advantage in terms of time efficiency,
iving almost ×5 more potential observing hours. This enables
he potential for a global network of 6–8 telescopes distributed
orldwide at different time zones, to approach continuous lunar
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Table 1. The stars observed for benchmarking the theoretical limits of LIF detection with this experimental setup. The spectral type of the star, and V and J 
band apparent magnitudes are given, obtained from SIMBAD 

a . The signal in e −s −1 was obtained using the nominal median value for the low gain mode of the 
camera, 0.75 electrons count −1 . A is the airmass that the star was observed at. 

Star Ef fecti ve Date UT time A V band J band Exp Signal 
Name Temp (K) Mag Mag (msec) (e − s −1 ) 

Arcturus 4375 2022-12-17 10:57:39 1.39 − 0 .05 − 2 .25 0 .5 597813655 .50 
α Ari 4480 2023-02-02 18:36:24 1.15 2 .01 0 .06 2 .5 77756220 .50 
β Cet 4797 2023-02-02 17:30:23 2.63 2 .01 0 .39 2 .5 58404379 .22 
HD224935 3647 2022-12-16 18:04:39 1.55 4 .41 0 .67 10 .0 25981983 .23 
HD224062 3500 2022-12-16 18:22:44 1.40 5 .72 1 .26 5 .0 19680206 .85 
	 Cet 4660 2023-02-02 18:23:16 2.00 3 .59 1 .84 5 .0 12542898 .06 
β Per 13000 2023-02-02 18:42:03 1.01 2 .12 2 .16 20 .0 8760372 .62 
α Peg 9765 2022-12-16 17:27:16 1.15 2 .48 2 .51 29 .8 7000501 .61 
HD224677 3773 2022-12-16 17:44:08 1.39 6 .91 3 .52 29 .8 3109231 .18 
α Psc 10 000 b 2023-02-02 18:30:48 1.47 3 .75 3 .75 29 .8 2465487 .56 
HD224331 3895 2022-12-16 18:30:05 1.34 7 .22 5 .01 29 .8 876108 .56 
HD224346 4650 2022-12-16 18:30:05 1.34 7 .57 5 .62 29 .8 353020 .93 
HD224382 6750 2022-12-16 18:30:05 1.34 7 .61 6 .87 29 .8 93601 .90 

a https://simbad.unistra.fr/simbad/. b This system is a binary containing two stars of this temperature. 

o
f

3

I  

f
c
O  

v  

L

3

T
N
c
6
t  

n  

t  

n  

a  

r
a
A
s
H
u  

a

t  

a
e
a  

c
o  

c
i
t  

o
u

 

p  

c  

d  

r  

a

3

I
s
d
a  

t
t  

f  

L  

o  

a  

t  

S  

o
T

 

o  

t
e

M

w
i  

0  

e  

a
p

 

v  

l
o

 

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/3828/7274824 by guest on 04 April 2024
bserv ations, allo wing future seismic networks to use these impacts 
or lunar crust tomography (Yamada et al. 2011 ). 

 TESTS  

n order to prepare for such no v el observing mode for LIF, we per-
ormed some test observations in order to characterize the observing 
apabilities of a prototype set-up that we developed for this purpose. 
bservations were obtained from the Mont Gros site of the Obser-
atoire de la C ̂ ote d’Azur (Nice, France, Latitude = 43.7267 deg,
ongitude = 7.2991 deg). 

.1 Equipment 

he observational setup consisted of a 40.0-cm diameter f /4.5 
ewtonian telescope (Skywatcher flex tube 16”), mounted on a 

ustom-made equatorial fork mount, and equipped with a Ninox 
40SU InGaAs Short Wave Infrared (SWIR) camera observing 
hrough a J band filter, and can be seen in Fig. 2 . It should be
oted that the type of detectors in the this camera are less sensitive
han CCDs, ho we ver, follo wing discussion with ONERA, this should
ot be an issue. The mount uses a dual stage friction drive on both
xes such that no gears are utilized. The axes are driven by high
esolution, 1000-steps/turn Oriental Motors steppers, which provide 
 very smooth and silent operation. Motors are controlled by an 
rduino Zero micro-controller, which is connected via an USB- 

erial link to a host computer (Dell optiplex running Linux Ubuntu). 
ome build absolute encoders are installed on each axis, which are 
sed for safety limits and pointing the telescope. The concept of these
ngular encoders and their calibration is described in Appendix A. 

A small, 6 cm in diameter, 41.5 cm focal length refracting 
elescope, mounted in parallel to the main telescope, is used for
uto-guiding on the lit-hemisphere of the Moon. This instrument is 
quipped with an ASI-ZWO 174 uncooled camera. We developed 
n ad hoc guiding algorithm: each frame (or subframe) is cross-
orrelated with a reference frame, the latter taken at the beginning 
f each guiding session. The position of the maximum of the cross-
orrelation function, at subpixel accuracy, is used to calculate an 
mage displacement. The latter is converted to arcseconds and sent 
o the telescope control system in order to slightly change the position
f the motors to counterbalance the image shift. This method allows 
s to guide with 0.2–0.4 arcsec RMS even in full daylight. 
The Ninox 640SU captures 640 × 512 16-bit video, and has a
ixel pitch of 15 μm × μm, giving a field of view of 18.6 ′ × 14.4 ′ ,
o v ering approximately 35 per cent of the lunar surface through the
escribed telescope. The camera can operate at up to 90 fps, with a
ead-out time of 10.2 ms, a dark current noise of < 300 e − pix −1 s −1 ,
nd a read-out noise of < 98 e − RMS pix −1 . 

.2 Instrument photometric calibrations 

n order to quantify the observational capabilities of the system, 
everal stars were observed for calibration measurements on different 
ays under different and variable weather conditions, and at different 
irmasses. M- and K-type stars near the path of the Moon were
argeted for observation for two reasons; first the temperatures of 
hese stars range from 2000–3000 K for M-types, and 3000–5000 K
or K-types, giving them similar blackbody spectra to those of the
IFs (Avdellidou et al. 2021 ). Secondly, the proximity to the path
f the Moon ensures the observations are taken at a similar airmass
nd light pollution level (the telescope is looking at the sky above
he bright city light of Nice do wnto wn) to the LIF observ ations.
everal stars of other spectral types were also observed as targets of
pportunity, appearing within the frame of lunar limb observations. 
he stars observed are summarized in Table 1 . 
In order to utilize these star measurements to assess the SNR limits

f the system, the star magnitudes needed to first be corrected for
he atmospheric extinction. Corrections can be performed using the 
quation: 

 0 ( λ) = −2 . 5 log 10 

(
g 

S ′′ 

t 

)
+ κ( λ) χ + Z P , (7) 

here M 0 is the exoatmospheric apparent magnitude of the star, S ′′ 

s the signal as described in equation ( 2 ), g is the gain of the camera,
.75 electrons count −1 , and t is the exposure time. The atmospheric
xtinction coefficient for the wavelength, λ, is κ , X is the airmass,
nd Z P is the zero-point magnitude – the magnitude which would 
roduce a signal of 1 count per second. 
We found that applying equation ( 7 ) directly on the star obser-

ations in Table 1 results in an unreliable solution for κ . This is
ikely because of the different sky conditions under which these 
bservations were carried out. 
In order to calculate κ for the J band, observations were performed

f the star β Cet every 10 min o v er the course of an evening under
MNRAS 529, 3828–3837 (2024) 
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Figure 2. The telescope and camera set-up at Observatoire de la C ̂ ote d’Azur. 
Cardboard baffling has been used to occlude stray light from entering through 
the midsection of the telescope, and likewise on the end of the telescope to 
ensure the secondary mirror was permanently shaded. 
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ood sky conditions, and recording the airmass for each observation.
or each observation the star was acquired, and then the telescope
lewed to mo v e the star’s placement within the image frame. The
rames containing the star at location A were then averaged, as were
he stars at location B, forming images A and B, respectively. A and
 subtraction was then performed, which remo v es the dark current
nd the majority of the background, leaving a near-zero residual
ackground, and the clean star signals of + A and −B. The absolute
f the signals can be averaged to obtain the average signal produced
y the star. The signal the star produces for each observation can be
onverted into an instrument magnitude, M i , with the equation: 

 i = −2 . 5 log 10 ( S 
′′ ) . (8) 

y plotting the airmass against � M , where: 

M = M 0 − M i , (9) 

he value for κ can then be obtained in the form of the slope of a linear
t through the data. By doing so with the data obtained, discarding
utliers, we obtained a value of κ = 0.112 ± 0.046 for the J band, in
ddition the value of the photometric zero-point can also be derived:
e found to be Z P = 20.0 ± 0.1. 
We can now return to the measurement of Table 1 and we can use

quation ( 7 ) to correct each measurement for extinction and estimate
n average Z P -value. We find Z P = 19.8 with a standard deviation
f 0.2 mag. We can thus deduce that the Z P under good conditions
s around Z P = 20.0 ± 0.1 and under average conditions is around
 P = 19.8 ± 0.2. 
NRAS 529, 3828–3837 (2024) 
Having assessed the instrument photometric zero-points, we can
stimate instrument’s limiting magnitude for LIF detection. Fol-
owing well-established methods (Ortiz et al. 1999 ), we adopt the
oncept that a LIF should be detected 5 σ abo v e the background
oise, with a least 6 pixels in order to minimize false positives
rom the noise characteristic described in Section 3.3 . We considered
our background cases that we measured during the 2023-03-27 run,
hen we observed from about 12:00 until 20:30 UT . During daytime
bserving the level of the background was measured – pointing the
elescope at the non-sunlit hemisphere of the Moon – to be around
4 000 counts, which corresponds to 18 000 electrons in 1 ms of
ntegration time. Since the standard deviation of the background is
pproximately proportional to the square root of its value, this implies
 standard deviation of about 135 electrons. We require a signal to be
n at least 6 pixels, 5 times above the background standard deviation,
hich implies that 135 × √ 

6 × 5 = 1653 electrons in a ms, or an
qui v alent signal of 1.65 × 10 6 electrons s −1 . Using equation ( 7 ) with
he Z P and κ values determined before, at airmass 2 we calculate that
his is equi v alent to J = + 4.82 ± 0.18 mag. 

Immediately after sunset, the sky background varies rapidly from
he daylight level to the night time level, the contribution from
arthshine and starlight from the nearby bright hemisphere of the
oon is strongly reduced in the J band compared to visible light

ands. We measured background of 8000 and 13 000 counts with
xposure times of 10 and 23 ms, respectively, during twilight, as
ell as a 4000 counts with exposure time of 30 ms when the non-

lluminated part of the Moon was observed. Applying the same
ethod for these three further background cases, we obtain limiting
agnitudes of + 7.82 ± 0.18, + 8.51 ± 0.18 during twilight and
 9.27 ± 0.18 during the night in good conditions, and decrease by
0.2 mag during average conditions. 
At exposure times of 1 and 10 ms, when including the 10.2 ms

amera readout time the frame period is significantly shorter than that
f the 30 ms exposure. In order to impro v e the limiting magnitude
or these cases we can co-add frames together to impro v e the SNR,
nd therefore the limiting magnitude. As the duration of the most
ommon impact flashes are typically tens of milliseconds (Bouley
t al. 2012 ; Avdellidou et al. 2021 ), somewhere between 33 and
6 msec (1–2 frames at 30 fps), we can assume to be able to co-add
 frames of exposure time 1 ms, resulting in a total frame period
f 44.8 ms, or 2 frames of 10 ms, resulting in a total frame period
f 40.4 ms. As a result of equation ( 1 ), adding N frames would
oughly multiply both the signal and the noise by N , leading to an
ncrease in the SNR by a factor of 

√ 

N . Consequently, the signal
eeded to achieve an SNR of 5 is decreased by this amount, leading
o the detectable limits becoming J = + 5.6 for 4 frames at 1 ms, and
 = + 8.19 for 2 frames at 10 ms. It is to note that during daylight
4 000 counts in a pixel of 1.7 × 1.7 arcsec corresponds to a sky
 = + 3 arcsec −2 . Our telescope is installed at about 372 m abo v e
ea lev el; J band sk y brightness between 1 and 2 mag fainter can be
chieved from higher altitude astronomical sites (Hart et al. 2014 ). 

.3 Noise characterization 

hen observing for LIFs, one potential source of false positives
s camera noise. With the Ninox 640SU used in this work there is
n intermittent, sporadic noise characteristic without a known cause
r pattern. In order to easily disregard the resultant false positives,
xperiments were performed to characterize the noise of the camera.
y running the camera in the same configuration as when observing

or LIFs, with the lens cap left on preventing light from entering
he camera we can obtain dark frames with similar interference,
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Figure 3. Four examples of the camera noise characteristic that were detected 
by the LIF identification software. 
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nd similar chance of cosmic ray interactions as during telescope 
bservations on the sky. By running this experiment for 1 h we
btained 61 events above the 5 σ detection threshold, three of which 
ppear to be cosmic ray interactions which occurred non-normal to 
he camera CCD, leaving a trail as it passed through the sensor. The
emainder were artifacts of the cameras noise profile, all occurring 
n a distinctive horizontal pattern, as seen in Fig. 3 , which are easily
dentifiable and therefore easy to discount if registered as an LIF
andidate. 

 LIF  M O N I TO R I N G  A N D  P E R F O R M A N C E  

he observations used in this work took place o v er 14 sessions,
esulting in just under 40 h of LIF monitoring. The LIF detection
oftware described in Avdellidou et al. ( 2021 ) was utilized to process
he observations, and identify any potential LIFs. Over this course, 
1 LIF candidates were detected 5 σ abo v e the noise level that
ould not immediately be discounted as a noise characteristic (see 
able 2 ). Once each of these LIF candidates had been examined, and
ny cosmic rays and interstitial objects moving between subsequent 
rames are disregarded, this left 33 candidate events as potential LIFs.
o further determine which, if any, of these events are true LIFs,

he appearance of these events in previous or subsequent frames is
xamined, and was found that in candidate 45 the flash appears in
ight consecutive frames without movement, confirming this event as 
 true LIF. In addition, its brightness decreases in successive frames,
hich is expected from an LIF. All other events were single-frame 

vents, which without simultaneous observations are unable to be 
erified as LIFs. The NELIOTA data base was also checked for events
oinciding with our observations, with only a single event being 
etected by NELIOTA during our observ ations. This e vent occurred 
n 2023-03-26 at UT20:25:28.547, and was not detected by us, as
he flash occurred outside of field of view of our system. Potential
easons for a lack of other NELIOTA events co-occuring with our 
bservations could be due to either NELIOTA not observing, or the 
mall number of hours in which night-time observations can occur 
y NELIOTA in Greece, while simultaneous daytime observations 
re taken from Nice, France. 

.1 First LIF detection in J band 

t 20:33:30.96 UT on 2023-01-26, LIF candidate 45 was observed 
y both the system described in Section 3.1 , and independently by
ezione di Ricerca Luna dell’Astrofili Italiani (SdR UAI) through 
 20.0-cm aperture, 100-cm focal length Newtonian telescope, 
rom a site in Melazzo, AL, Italy. The observation from Italy was
erformed in unfiltered visible light, into an ASI120MM CMOS 

amera running at 25 fps. The captured visible light flash consisted of
hree frames abo v e the 5 σ detection threshold. Fig. 4 shows the flash
s observed in the J band, while Fig. 5 shows the flash as seen in the
isible. 
.1.1 Photometry 

s no stars were observed during the 2023-01-26 observing session, 
he J -band magnitude of the flash for each frame was calculated using
ome of the observed calibration stars from Table 1 . By comparing
o the 3 calibration stars closest in airmass to that of the LIF ( β Cet,

Peg, and θ Cet), and an average can then be taken of the results. The
tars were first corrected to the airmass of the LIF, and then aperture
hotometry was performed in AstroImageJ, using the equation: 

 f = 

1 

3 

3 ∑ 

i= 1 

M i − 2 . 5 log 10 

(
F f 

F i 

)
, (10) 

here M f is the J -band magnitude of the flash, M i are the airmass-
orrected J -band magnitudes of the reference stars, and F f and F i 

re the signal counts of the flash and average counts of the reference
tars, respectively. 

As there were also no stars observed in the SdR UAI observations,
perture photometry was performed using observations of a star taken 
n a previous night using the same equipment. This gave the flash
 J -band peak of Mag J = + 3.19 ± 0.18, and visible light peak of
ag Vis = + 5.24 ± 0.34. The ASI ZWO 120MMs quantum efficiency

eaks around 0.55 μm. From Fig. 1 , it can be seen that the ratio of
IF photon spectral density at 1.2 and 0.55 μm is approximately a

actor of 6, i.e. a difference of about 2 mag between the magnitudes
btained by the two stations. This is very close to our photometric
esults. 

The observed magnitudes and the flash’s evolution in both J band
nd visible can be seen in Fig. 6 . It should be noted that the time-
tamps in both cameras are not millisecond accurate to GPS time,
nd therefore sub-frame alignment is not possible. In order to derive
he approximate blackbody temperature of the flash, the assumption 
s made that the frames are co-occurring. 

From the magnitudes obtained, we can calculate the luminous 
nergy, E lum 

released in the J band during the impact by first
alculating the flux density of each frame using the equation: 

 f = F r · 10 
m r −m f 

2 . 5 , (11) 

here F r is the flux density of a reference star in photons s −1 m 

−2 μ

 

−1 , m r is the magnitude of said star, and m f is the magnitude of the
ash for that frame. This can then be used to calculate the power for
ach frame: 

 = F f · πf �λD 

2 , (12) 

here F f is the flux density of the flash in Wm 

−2 μ m 

−1 , f is a
nitless parameter denoting the isotropy of the flash, taken here 
s the typically used f = 2 as the light originated from the lunar
urface (Suggs et al. 2014 ). �λ is the bandwidth of the observation
n μm, and D is the Earth–Moon distance at the time of the flash in
. By integrating for the duration of the flash, E lum 

is calculated to
e E lum 

= 2.12 MJ. 
As LIFs are modelled as black bodies, this allows the temperature

o be estimated using the colour index of the flash. Because the visible
bservation is unfiltered light, this makes obtaining an accurate 
olour index difficult. Since the peak of the quantum efficiency of the
amera is in the V band, we elected to assume that Mag vis ≈ Mag V .
his allowed the V –J colour to be obtained simply by subtracting

he J -band magnitude from the V -band magnitude of the flash in
he co-occurring frame. The ef fecti ve temperature is then obtained
rom a V –J colour index, giving the flash a peak temperature of
pproximately 4200 K. This value, although very uncertain due to 
on-synchronization of the V and J -band observations, is reasonably 
MNRAS 529, 3828–3837 (2024) 
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Table 2. Summary of the detections. 

Solar Exp # of 
ID Date UT Time Ele v ation ( ◦) (ms) Frames J mag Comments 

1 2022-11-26 16:28:38.18 − 5 .93 29.8 1 7.38 
2 ’ 16:48:40.85 − 9 .30 29.8 1 7.89 
3 ’ 16:51:18.83 − 9 .74 29.8 1 7.89 
4 ’ 16:54:48.33 − 10 .34 29.8 1 – Cosmic ray 
5 ’ 16:55:14.03 − 10 .41 29.8 1 8.44 
6 ’ 16:57:21.30 − 10 .77 29.8 1 7.83 Out of focus, likely interstitial object 
7 ’ 16:57:37.68 − 10 .82 29.8 1 7.81 
8 ’ 16:57:43.53 − 10 .84 29.8 1 7.18 Out of focus, likely interstitial object 
9 ’ 17:06:30.37 − 12 .34 29.8 1 7.76 
10 ’ 17:08:32.42 − 12 .70 29.8 1 6.71 
11 ’ 17:08:36.19 − 12 .71 29.8 1 7.34 
12 ’ 17:11:04.42 − 13 .13 29.8 1 7.58 Out of focus, likely interstitial object 
13 ’ 17:11:54.22 − 13 .28 29.8 1 8.14 Out of focus, likely interstitial object 
14 ’ 17:12:02.97 − 13 .30 29.8 1 7.60 
15 ’ 17:13:26.52 − 13 .54 29.8 1 7.48 
16 ’ 17:14:06.14 − 13 .66 29.8 1 – Cosmic ray 
17 2022-12-01 22:47:11.58 − 67 .15 29.8 1 – Cosmic ray 
18 ’ 22:51:25.38 − 67 .40 29.8 1 7.10 
19 ’ 23:18:23.99 − 68 .19 29.8 1 – Cosmic ray 
20 ’ 23:19:53.07 − 68 .19 29.8 1 5.93 
21 2022-12-18 07:15:08.95 1 .52 10.0 1 – Cosmic ray 
22 ’ 07:46:41.63 6 .01 10.0 1 – Cosmic ray 
23 ’ 07:04:32.19 8 .39 10.0 1 4.91 
24 ’ 07:05:28.42 8 .51 10.0 1 4.81 
25 2022-12-27 16:22:49.03 − 4 .38 10.0 1 – Cosmic ray 
26 2022-12-28 18:42:23.12 − 28 .19 29.8 1 – Cosmic ray 
27 ’ 19:46:52.66 − 39 .82 29.8 1 6.57 
28 2023-01-25 19:31:36.79 − 32 .38 29.8 1 7.01 
29 ’ 19:37:02.36 − 33 .35 29.8 1 7.28 
30 2023-01-26 16:42:30.96 − 2 .39 23.1 1 5.77 
31 ’ 17:06:36.66 − 6 .43 29.8 1 – Cosmic ray 
32 ’ 17:17:42.23 − 8 .33 29.8 1 – Cosmic ray 
33 ’ 17:19:38.11 − 8 .66 29.8 1 – Interstitial satellite 
34 ’ 17:19:39.79 − 8 .66 29.8 1 – Interstitial satellite 
35 ’ 17:22:31.95 − 9 .16 29.8 1 7.19 
36 ’ 17:28:00.52 − 10 .10 29.8 1 – Cosmic ray 
37 ’ 17:30:48.56 − 10 .59 29.8 1 6.80 
38 ’ 17:39:47.22 − 12 .16 29.8 1 – Cosmic ray 
39 ’ 17:50:10.25 − 13 .98 29.8 1 6.50 
40 ’ 17:53:00.41 − 14 .48 29.8 1 7.76 
41 ’ 19:05:22.71 − 27 .44 29.8 1 6.61 
42 ’ 19:35:26.15 − 32 .86 29.8 1 – Cosmic ray 
43 ’ 20:00:33.15 − 37 .36 29.8 1 6.82 
44 ’ 20:16:44.63 − 40 .22 29.8 1 6.84 
45 ’ 20:33:30.96 − 43 .14 29.8 17 3.19 ( peak ) Confirmed impact flash 
46 ’ 20:34:06.72 − 43 .24 29.8 1 5.90 
47a ’ 20:44:40.56 − 45 .05 29.8 1 6.22 Two candidates in frame 47 
47b ’ 20:44:40.56 − 45 .05 29.8 1 8.00 Two candidates in frame 47 
48 ’ 20:51:48.48 − 46 .26 29.8 1 7.34 
49 2023-01-30 17:03:25.36 − 5 .02 23.1 1 6.51 
50 ’ 17:48:43.73 − 12 .88 23.1 1 – Cosmic ray 
51 2023-03-26 18:15:14.27 − 5 .38 20.0 1 5.85 
52 ’ 18:15:47.26 − 5 .48 20.0 1 – Cosmic ray 
53 ’ 18:18:49.43 − 6 .02 20.0 1 – Cosmic ray 
54 ’ 18:31:39.12 − 8 .30 29.8 1 – Cosmic ray 
55 ’ 19:05:51.51 − 14 .28 29.8 1 – Cosmic ray 
56 ’ 19:21:58.34 − 17 .03 29.8 1 7.26 
57 ’ 19:52:12.29 − 22 .02 29.8 1 – Cosmic ray 
58 ’ 21:10:18.31 − 33 .49 29.8 1 – Cosmic ray 
59 ’ 20:41:00.56 − 35 .56 29.8 1 7.22 
60 2023-03-27 19:41:57.03 − 20 .11 29.8 1 – Cosmic ray 
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Figure 4. The background-subtracted cropped region of interest for the 
confirmed flash, event ID 45. The first frame is immediately before the flash, 
and the subsequent 17 frames that are able to be confirmed abo v e the 5 σ
threshold. The final two frames appear to contain the flash, ho we ver, as the 
signal is below the 5 σ threshold, it cannot be distinguished from noise with 
certainty. 

Figure 5. The background-subtracted, cropped region of interest for the 
confirmed flash, event ID 45, as observed by SdR UAI. Due to the equipment 
being slightly out of focus, the flash has a shape resembling the telescope 
mirror. Frames (a) and (e) contain only the residual background, and frames 
(b), (c), and (d) contain the flash signal. In frame (d) the flash is difficult to 
discern, as the lack of focus spreads the signal o v er a wider area than a point 
source, ho we ver, is still detectable as SNR > 5. 
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Figure 6. The evolution of event 45 in J band and unfiltered visible light. 
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nside the temperature distribution that was produced by dual band 
ELIOTA observations (Avdellidou et al. 2021 ). 

 DISCUSSION  

ere, we have presented a prototype instrument for observing LIFs 
n the SWIR. The clear advantage of SWIR compared to visible 
s the increased signal due to typical LIFs temperatures, increased 
NR due also to the darker sky in the SWIR compared to visible
bserv ations. The latter allo ws us to perform daylight observations 
trongly increasing the amount of time for LIF monitoring compared 
o classical systems working in the V , R , or I bands. 

We w ould lik e to note that our prototype instrument has been
ested at low altitude abo v e sea lev el in an urban environment which
ould have contributed to decreased performances observed with 
espect to an ideal telescope installed in higher altitude sites. The 
k ywatcher fle x tube is designed as a collapsible dobsonian, which
xtends and retracts on three metal arms. As there are no cross
truts between these arms, and the weight of the camera and auto-
ocus assembly combined is ≈2 kg, the alignment of the primary 
nd secondary mirrors might change between zenith and horizontal. 
his means that no matter at what altitude the telescope is in when
ligned, throughout extended observation sessions (which are typical 
or LIF monitoring) coma might be present in at least some of the
ata obtained. This coma spreads the flash signal o v er a greater area,
herefore decreasing the SNR. 

Due to the location of the telescope, lunar observations take 
lace partially o v er the city of Nice; The city can contribute
oth light pollution, and air pollution, which ne gativ ely affect the
ackground light level and the atmospheric extinction. The rest of 
he observations take place directly o v er the Mediterranean sea,
hich contributes moisture to the atmosphere which too worsens 

he atmospheric extinction. 
Despite these issues that could have negatively effected the 

ensitivity of the methods, the technique of monitoring LIFs in 
he SWIR presents a unique opportunity to observe LIFs during 
imes not available to conventional methods. Importantly, the amount 
f potential hours that observations can be performed is greatly 
ncreased compared to night-time LIF monitoring by almost fivefold. 

There are ho we ver some improvements that could be made to
ncrease the performance and ability to detect LIFs. As can be seen
n Table 2 , all the LIF candidates came from observations of 10 ms
r longer, despite observing at lower exposures. It is likely that this
s due to the lower exposure observations taking place during the
aytime, when the background is higher from both the illuminated 
ky and the leaking filter. Another factor which could contribute is
he 10.2 ms readout time of the camera, which consequently causes
xposures less than this time to be not observing over 50 per cent
f the time. At an exposure time of 1 ms, 91 per cent of the light is
ost to the readout time. Both of these issues could be counteracted
y decreasing the aperture of the telescope, for example by using
 diaphragm in front of the aperture during daylight observing. 
his diaphragm could then be remo v ed for twilight- and nigh-

ime observing. This would reduce the amount of light entering 
he camera, and therefore allow for longer exposure times while 

aintaining the same background counts, or conversely decrease the 
ackground counts, thereby increasing the SNR, for the same given 
xposure. Another possibility is to co-add several frames during the 
aytime observing as discussed in section 3.2 . 
We have shown that our instrument has limiting J magnitudes of

bout 4.8 during daylight, from 7.8 to 8.5 during twilight and 9.3
uring the night. Considering a R –J colour of 1.8 mag, this would
ndicate that we can detect LIFs with R mag of 6.6 during the day and
1.1 during the night. Considering a luminous efficiency of η1 = 1.5

10 −3 and η2 = 5.0 × 10 −4 . These correspond to energies between
.45 GJ and 7.68 MJ for a flash with a 66-ms duration. 
While the fainter events may not be detected during the day, for

erforming further science with the observed LIFs more energetic 
MNRAS 529, 3828–3837 (2024) 
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mpacts are more scientifically rich. LIFs with a R -band magnitude
 + 8.0 are typically to low enough energy that the formed impact

rater is near or below the resolvable limit for the LR O NA C, which
as a pixel scale of approximately 0.5 m pix −1 . For the purposes
f lunar crater location, higher energy and therefore larger ejecta
lankets are highly desirable for aiding in the detection of the craters,
s well as for minimising the error in measurements due to being close
o the resolution limit. 

The increased duration of the J -band flash in comparison to the
bserved visual flash is also advantageous for LIF observations, as it
resents a greater window in which the camera exposure and flashes
an co-occur. This thereby increases the probability for an event to be
etected, as well as allowing more frames to be captured for a given
ash. This provides a more accurate measurement of the evolution
f the flash, allowing for more accurate energy calculations. For
horter events it gives the possibility of more than a single frame to
e captured, allowing for self confirmation for a greater proportion
f events. By fitting the function 

 = a · exp 

(−x 

τ

)
+ c, (13) 

o the observed flash in both J band and visible, we can obtain the time
onstant, τ , for the flash decay. We found that for J band, τ J = 0.189,
nd for visible, τ vis = 0.0749. 

 C O N C L U S I O N S  

n this work, we have presented the theoretical basis for SWIR LIF
bserving, and the increase in observation opportunity it allows.
oreo v er, we hav e documented the first detection of a LIF in the

WIR that was confirmed by simultaneous visible observations. 
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PPENDI X  A :  DESCRI PTI ON  O F  TELESCO PE  

N C O D E R S  

he absolute encoders used for this project are based on the simple
oncept of comparing an image of a mobile scale from a fixed
amera. The latter is implemented with a low-cost commercial
SB microscope, which illuminates the scale by means of its LED
eadlights. The scale is made by vertical black-and-white lines
rinted in a photographic adhesive paper. The positions of the vertical
ars are randomly extracted from a uniform distribution between zero
nd the scale length. Hence, any location on the scale is different from
ny other one. The camera sensor’s column are approximated aligned
ith the lines of the scale. The columns of each image taken by the
SB camera are summed resulting in a 1D array of pixels, which

s cross-correlated with a template of the scale. The position of the
aximum of the cross-correlation indicates the position (sub-pixel

ccuracy of about 1/100 can be reached when some 100 lines are
o-added and spacial smoothing filtering is applied) of the centre of
he image along the scale. As the scale mo v es, said position changes.
light misaligned of the scale’s lines compared to the camera column

s not a problem, resulting in broadening of the 1D line profile.
ub-pix el accurac y can be reached, by fitting a parabola on the
agnitude of the cross-correlation function around its maximum and

etermining the v erte x of the parabola. When the scale is wrapped
round and glued on to a disc, angular displacements of the latter,
orresponding to linear displacement of the scale with respect to its
mage template, can be measured. It is hence possible to measure the
ngle of the disc. 

The scale template is constructed from the same images taken with
he USB microscope as follows: this procedure begins by defining a
ery long, e.g. 50,000 pixels, 1D empty template and a-same-length
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coring template of integers. The scale and scoring template are 
nitially equal to zero for all pix els. Ne xt, a scanning of the entire
cale by the USB microscope camera is performed. Several images 
er second are taken, while the scale is displaced by a small amount
etween each image in the positive direction. The sum of the column
f the first image is added to the scale template by shifting its centre
o image-width divided by two and one is added the corresponding 
ixels of the scoring template. The sum of the columns of each
ext image are cross-correlated with the sum of the columns of the
revious images and an integer shift is between image n and image
 + 1 is calculated. The sum of the column of the image n are thus
dded to scale template. When the template of the entire (or usable
ection thereof) has been acquired, it is divided by the scoring 1D
rray (in order to calculate a mean) and the result is saved in a file. 

The operation of the encoder typically consists in taking images 
f the scale with a typical frequency between 10 and 25 Hz from
he USB microscope (using the openCV python3 framework). After 
ome processing (spacial low-pass filtering), the sum of column of 
he image is cross-correlated with the scale template and the position 
f the maximum is used to determine the centre of the image along
he scale. This procedure returns a scalar position in pixels (and 
raction thereof) along the scale. In order to transform pixel to sky
oordinates a calibration of the scale is then performed. 
2023 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
The scale calibration on the sky consists in determining an 
ppropriate transformation that allows one to convert encoder pixel 
n coordinates on the sky and vice versa. This is achieved by taking
mages of the sky with the telescope and using a plate solving
lgorithm (solve-plate from astrometry.net) to determine the sky 
oordinates of the centre of the field. These coordinates are corrected
or the precession and transformed to local hour angle ( τ ) and
eclination ( δ). The encoder position during the acquisition of each
mage is also recorded, such that for each image taken on the sky
here is a correspondence between sky coordinates ( τ , δ) and the two
ncoder pixel positions ( x , y ). Finally global transformations from ( x ,
 ) to τ and another transformation between ( x , y ) and δ are expressed
n terms of a smoothing splines. This allows us to convert encoder
osition into equatorial sky coordinates. The solution is stable o v er
onths of operation and allows to point the telescope globally on

he sky within approximately 1 arcmin, despite the high flexure of
he tube. Possible impro v ement is to mount the optics within a more
igid tube (e.g. carbon fiber) or truss. 
MNRAS 529, 3828–3837 (2024) 
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