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‘C”“Srit:t:g;yf;fgg%gnyiva;‘;w Despite its importance, few instruments are able to measure the angular distribution of
Hannover D-30419, Hannover, the solar spectrum with a high spectral and temporal resolution. We present a novel
Germany characterization method of the multi-directional entrance optics of the AMUDIS
(Advanced MUItiDIrectional Spectroradiometer) which is a multidirectional
spectroradiometer based on three CCD image sensors combined with imaging
spectrographs. The new type of entrance optics consists of 435 different optical fibres
uniformly distributed along 145 directions covering the upper hemisphere and
allowing simultaneous measurements of the radiance in the ultraviolet, visible and near
infrared part of the spectrum, ranging from 280 nm to 1700 nm. The experimental
setup for characterizing the multidirectional entrance optics is based on a 100 W
halogen lamp and a robotic arm, which moves the lamp tangentially over the surface
of a virtual sphere of 102.5 cm radius around the entrance optics. The characterization
revealed misalignments in the position of the optical fibres of up to 3° (which can affect
radiance measurements, specially under broken clouds conditions). The novel
characterization method improved 3-fold the alignment up to -0.1°
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Introduction

The spectrum of solar irradiance at the ground has been measured from the ultraviolet
(UV) to the near infrared (NIR) since a long time [1]. While previous efforts have been
mostly concentrated on the measurement of spectral irradiance, less emphasis has been
given to ground-based measurements of spectral radiance [2—5]. The main reason is the
limited quantity of instruments capable of measuring the radiance distribution with a
high spectral and temporal resolution.

Most of the existing instruments for measuring the radiance distribution are based on
scanning the sky with a 2-axis tracker, which leads to a low temporal resolution of min-
utes at best [2-4, 6, 7]. For instance, a scan around local noon, with about 100 points
evenly distributed on the west or east side of the hemisphere, takes 8 minutes per wave-
length [8]. This shortcoming is of particular concern under cloudy-sky conditions within
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which short-term changes in the solar radiation are likely [9]. A more complete instru-
ment called PARABOLA [10-12], capable of measuring radiance in a wide spectral range
(350nm to 1650 nm) and in a relatively short time (about 10 seconds), which can measure
both in the upper and lower hemisphere, can only record radiation at certain wavelengths
(444, 551, 650, 860, 944, 1028 and 1650 nm) or at most in a continuous range of 300 nm
in the visible spectral range (400-700 nm centred at 581 nm). Spectroradiometers that
scan the sky require (too) long measuring times. During the measuring time the sky is
changing which leads to artefacts in the results. With such scanning instruments you need
either constant conditions (which are limited in their occurrence) or long averaging times,
which uncover relevant information. An approach with simultaneous measurements of
sky radiance can overcome this difficulty.

Although method based on Hemispherical Sky Images (HSI) are an alternative for
nearly instantaneous measurements of the radiance distribution, HSI cameras only cover
the visible (VIS) range, operating in three wavelength bands peaking at 464 nm, 534 nm
and 626 nm [13, 14]. Another technology for spectral radiance measurements (called 4D
Imager) has been recently developed by Zuber et al., 2017 [15]. It is based on snapshot
imaging, a line-scanning spectrometer and a facet mirror. The prototype of this tech-
nology has a high spatial resolution (196 channels) but a relatively low spectral range
(adjustable 500 nm range) and a relatively low spectral resolution of about 10 nm only.
Although the mirror approach of the 4D imager is a promising, there are unsolved prob-
lems concerning the input optics which does not cover the whole sky. Therefore a solution
with fibre optics is shown to be better suited for the time being.

As an attempt to solve the shortcomings of existing technologies, a multi-directional
spectroradiometer (MUDIS) [5] was developed at the Institute of Meteorology and Cli-
matology of the Leibniz University of Hannover, Germany. MUDIS allows carrying out
measurements of fast-changing radiance distribution within seconds. It is based on a
UV-sensitive CCD camera, an Offner imaging spectroradiometer, and multi-directional
entrance optics, consisting of 113 fibres. The MUDIS was scaled up to the AMUDIS
(Advanced MUIti-Directional Spectroradiometer) [16] with a higher spectral and spatial
resolution and an extended spectral range allowing spectral measurements from 280 nm
to 1700 nm and a spectral resolution of 1 nm. AMUDIS is capable to measure the sky
radiance with a temporal resolution of seconds, opening new possibilities for the study of
temporary radiance changes, which is important in many fields, like the biological impact
of UV radiation [17], solar energy production, for the calculation of radiation quantities
such as e.g. the spectral radiance, which can be used for further calculation of radia-
tive transfer equation, erythema and vitamin D efficacy, fast changes of the sky radiance
distribution due to the influence of clouds as a couple of examples.

Similar to the MUDIS the AMUDIS is fitted with a Multi-Directional Input Optics
(MDIO), which is what we have here characterized. MDIO is a hemispherical-shaped alu-
minium dome with 435 optical fibres evenly distributed in 145 different positions in the
azimuth and zenith angles (Fig. 1).

Three optical fibres, one for each spectral region (UV, VIS and NIR) with a diameter
of 50 pm are set at each of the 145 apertures of the dome. The optical fibres are aligned
along a slit in three metallic cylinders of 20 mm diameter and 50 mm length. Each of them
is connected to the entrance of the corresponding spectroradiometer. The channels of the
MDIO are shown in the Fig. 2.
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Fig. 1 Scheme of the multi-directional entrance optics (MDIO) of AMUDIS system. 435 optical fibres are
distributed on the dome pointing at 145 different directions of the sky. At the end of the optical fibre bundle.
the fibres are vertically aligned on a slit which can be connected to the spectroradiometer
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Fig. 2 Channels of the AMUDIS entrance optics. Each channel has associated a pixel value in the
corresponding CCD sensor of the spectrometers
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Due to the fact that the entrance optics cannot be perfectly aligned during the pro-
duction process and that the fibres may not be cut in exactly the same way, both the
optical fibre position and the cutting edge of the individual fibre on the dome may
show misalignment. Therefore, a full characterization of the MDIO’s angular response is
necessary.

The disadvantage of the fibre approach is the sensitivity of the transmission of these
thin fibre due to bending of the fibres. This leads to the need to develop new calibration
methods [18] and to the need to calibrate the instrument at the location of deployment.
Furthermore, the FOV depends on the material processing of the fibre at the opening.
Irregularities in it can lead to a shadow throw in the FOV of the fibre and reduction of
the signal or/and asymmetries in the FOV. The material-dependent ageing process of the
fibres must also be considered.

Measuring the angular response

Angular response of a unidirectional radiance input optics

The angular response of a spectroradiometer can be measured by moving a lamp around
the radiometer and measuring the spectrometer’s signal as a function of the angle of inci-
dence [19]. The experimental setup used for a unidirectional radiance entrance optics is
similar to described by Knoop et al., 2018 [20]: the radiance entrance optics is mounted
on a rotating table with (0.25 & 0.06)° accuracy, which can be manually rotated in the
azimuthal plane. The input optics aperture was aligned with the vertical rotation axis of
the rotating table (Fig. 3). A 100 W low-voltage halogen lamp without reflector (OSRAM
model 64623 HLX) is mounted on the optical table and aligned vertically and horizontally
by using a laser. A stable power supply with a current output of 8 A was used to maintain
constant irradiance emitted by the lamp and reduce the uncertainties of the measurement
[21]. The radiance is measured for different lamp positions as a function of the angle 0,
using angular steps of 0.5°.

Angular response of a multi-directional entrance optics (MDIO)
Each optical fibre of the MDIO was considered an independent unidirectional radiance
entrance optics. We applied the same method described above but we extended it from

a 2-dimensional plane to a 3-dimensional space by moving the lamp over the surface of

100W lamp

~

optical fibre S - .
rotating axis

Fig. 3 Experimental setup for measuring the angular response of a radiance input optics. A 100 W halogen
lamp is mounted on the normal direction of the input optics (0 = 0°) at a distance of 90 cm. The radiance of
the lamp is measured as a function of the angle 6 maintaining a constant distance r
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a virtual sphere of radius r. (Fig. 4). For that purpose, a 6-axis robotic arm [22] with a
working radius of 1300 mm was used.

Due to its length, the robotic arm cannot cover the whole virtual sphere. For that reason,
the robot was mounted on an 80x40 mm aluminium-profile structure with three 80x80
mm mounting points (see Fig. 5). Using the first mounting point (Position 1) the robot
reached zenith angles between 0° and 36° and azimuths of +22.5° with respect to the input
optics centre. The second mounting point (Position 2) covered zenith angles between
36° and 60°. A third mounting point (Position 3) was used to cover the remaining angles
between 60° and 90° in the zenithal direction. In total, we divided the scanned area into
28 sections (2x 8 and 1x 12 sections). Since the movements can affect the responsivity of
the optical fibres, both the spectroradiometer and the entrance optics were mounted on
the same rotating table of 40 cm diameter.

A total of 54,400 positions were required for scanning the virtual sphere at an angu-
lar resolution of 1°. Therefore, an automation of the measuring system was necessary;
an Arduino UNO (a microcontroller board based on the ATmega328P) was used. It was
also implemented as a bridge between the AMUDIS software and the robot software.
The script enables a sequence of movements in which the robotic arm moves the lamp
to the first position to scan over the virtual sphere. Once reaching its first target posi-
tion, the robot sends a pulse signal to the AMUDIS software through an I/O output.
AMUDIS receives this signal and makes a measurement of the spectral radiance. When
the first measurement is finished, the AMUDIS software sends another signal to the
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Fig. 4 Representation of the positions of the lamp over a virtual sphere of radius 102.5 cm. The AMUDIS
input optics is centred in the middle of the virtual sphere (grey dome). The lamp is positioned on different
positions using a 6-axis robotic arm UR10
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Fig. 5 Experimental setup for the angular response measurements of a multi-directional input optics. Three
mounting points are used for the same robot, Position 1 for the upper area between 0° and 36°, Position 2
(using the same aluminium-profile as Position 1 but fixed on Position 3 base) for the section between 36° and
60°, and Position 3 for the lower area between 60° to 90°. A rotation table is used to measure the radiance in
different azimuthal sections

robot, such that the robotic arm moves the lamp to the next target position over the
virtual hemisphere and the process continues up to the last position defined in the script.

Optimization of the method

The spherical-coordinate system used by the robot for the calculation of the lamp posi-
tion over the virtual sphere causes the spatial distance between points near to the zenith
angle to tend towards zero (Fig. 6a) for example, the spatial distance between a point
positioned at 1° zenith and separated 1° in the azimuth is 3.12 mm, that compared to a
point positioned at 20° zenith and the same azimuth separation is 61 mm, it is only a 4.9%
of the first spatial distance, resulting in a high number of obsolete points for the charac-
terization. To avoid extensive measurement times, a correction method for the angular
position was applied. First at all, a spatial distance s over the virtual sphere of radius R on
the azimuth plane (zenith angle equal to 90°) was defined. The arc s for a zenith angle 6,

of 90° was approximated as R - sina, (when «,, is small), where o, is the azimuth angle.

N4

a) b)

Fig. 6 Polar projection of the position of the lamp over the surface of the virtual sphere. a) Positions without
angular correction, which implies that the distance between points change as a function of zenith angle. b)

corrected position using equation 1, which allows for a constant distance between points

Page 6 of 15



Tobar Foster et al. EPJ Techniques and Instrumentation (2021) 8:12 Page 7 of 15

Hence, a corrected angle o, as a function of the zenith angle 6; is calculated by Equation 1.

. s
ac(6;) = ay - arcsin (R pe 92) (1)

The results of this correction are shown in Fig. 6b. It is easy to see that the separation

between the points is more homogeneous over the section of the surface of the virtual
sphere, which reduces the quantity of points and measure time needed for the angular
response calculations.

Accurate measurements of the angular response require that the scanned area is cen-
tred on the optical fibre (see Fig. 7, position B), and that the distance to the optical fibre
remains constant; yet, this increases the number of measured points. To reduce the num-
ber of measurements, we moved the lamp over the surface of a virtual sphere centred on
the entrance optics. That way, the angle from the optical fibre 6 is different from the angle
a formed by the lamp position, the centre of the entrance optics and the optical fibre
aperture. That is why we applied a correction of the viewed angle 6 using Eq. 2.

P 4 arct rsina ©)
=o+arctan| ———
d+ r(1 — cosa)

where r is the radius of the entrance optics, d is the distance from the lamp to the optical
fibre at 6 equal zero and « refers to the position of the lamp in the robot coordinate
system. Owing to the correction applied to all measurements, a wider angular response

was achieved.

Optical properties of the 100 W lamp

Since the lamp was moved tangentially to the surface of a virtual sphere, its irradi-
ance changed. Therefore, we analysed the distribution of the emitted radiation of the
lamp in the horizontal and vertical planes and its influence on the angular response
measurements using the robotic setup.

d |

Fig. 7 Schema of angles and distances in the angular response setup. A: Centre of the entrance optic; B:
Optical fibre aperture; r: Radius of the entrance optics (MDIO); and d: distance between the lamp and the
entrance optics
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Fig. 8 Optical setup for measuring the distribution of the 100 W lamp emissions on a horizontal plane. The
lamp was mounted on a small rotating table. The entrance optics was fixed on the optical table at a distance
of 90 cm

Distribution of radiant exitance as a function of the horizontal rotation

The experimental setup consisted of an 100 W low-voltage halogen lamp without reflec-
tor (OSRAM model 64623 HLX), which was mounted on a 0.25° resolution rotating
table (Fig. 8). To measure the emission of the lamp, a global irradiance entrance optics
was mounted with a distance of 90 cm from the lamp on the optical table. For align-
ing the lamp with the input optics, a laser was used. The irradiance was measured by
our NDACC-certified (Network for the Detection of Atmospheric Composition Change)
double-monochromator spectroradiometer TMc300 Bentham Instruments, 300 mm
focal length, and 2400 lines per mm grating with a spectral range of 250 nm to 2500 nm
[23, 24]. The spectroradiometer was connected to the irradiance entrance optics through
an optical fibre and the lamp was manually rotated from -110° to +100° at angular intervals
of 10°.

The maximum irradiance emitted by the lamp was measured at an angle of 0° (see
Fig. 9). Furthermore, the minimum irradiance was measured at +90°, corresponding to a
value of 55% of the maximum irradiance. This discrepancy is due to the physical structure
of the lamp, which consists of a metallic filament (i.e., a spiral with two wires connected

Distribution of horizontal emission
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Fig. 9 Distribution of radiant exitance of the 100 W halogen lamp on the horizontal plane. The irradiance was
measured at steps of 10°
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e 100W lamp
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Fig. 10 Optical setup for vertical emission measurements. The lamp-input optics setup rotates around the
axis of the tracker. The irradiance of the lamp is measured in steps of 10°

to the base). At an angle of 0°, the area of the filament facing the entrance optics was at its
maximum (12.69 mm?). For an angle of +90°, the area of the filament was only 5.72 mm?.
A clear wavelength dependence was not found. We can conclude that in order to prevent
the effects in the change of irradiance, the lamp needs to point to the entrance optics with
the same surface area.

Distribution of radiant exitance as a function of the vertical rotation

The measurements of the emissions in a vertical plane were carried out by using an ENEO
positioning system with a pan/tilt head that included a heater. A metallic bar was mounted
along the zenith axis of the tracker (Fig. 10). At one extreme, the same 100 W halogen
lamp was fixed. At the other extreme, an irradiance entrance optics was mounted and
aligned to the lamp. The lamp-entrance optics setup was rotated in the zenith axis at 10°

Distribution of emission 100W lamp
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8 * 490 nm
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b 4 740 nm
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S
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0.80 T T T .
0 20 40 60 80
angle of rotation[¢]
Fig. 11 Normalized irradiance measured in a distance of 90cm from a 100 W lamp as function of the rotation
angle in the zenith. The radiant exitance of the lamp decreases up to 7% when it is rotated 90°
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intervals, ranging from 0° to 90°. The distance between the lamp and the input optics was
90 cm during the measurement.

As shown in Fig. 11, the emission of the lamp changes with the rotation angle. For an
angle of 6 = 0° (lamp normal to the ground), the irradiance is at its maximum, while it
decreases as a function of the rotating angle up to 8% at 90°.

Since the lamp was moved tangentially over the virtual sphere, the horizontal variation
of the emission was not a problem. However, a correction of the magnitude of the mea-
sured irradiance was necessary for the vertical movement if the scanning range was larger
than 30°.

Results and discussion
Angular response of an optical fibre
For a first approximation to the characterization of the input optics, the angular response
of only one optical fibre was analysed. For this purpose, we used the optical fibre #
4 located at 10.5° ZA (zenith angle), 180° azimuth angle (AA). The robotic arm was
programmed to perform an angular scan of +20° in the azimuth and £10° in the zenith
directions, using the optical fibre position as the centre of the scanned area. For angles
between £7° with respect to the optical fibre position, the angular step was reduced to
0.5°; for the rest of the positions, an angular step of 1° was chosen, resulting in a scan
time of around 2 hours. Approximately 1500 different points were used to determine the
two-dimensional angular response. Figure 12 shows the contour plot of the normalized
radiance measured by the optical fibre # 4 as function of the lamp position. White dots
represent the position of the lamp over the virtual sphere during the measurements.

The centre of the angular response should be aligned with the intended observation
angle (optical fibre). However, the shape of the angular response is nonsymmetric, with
the highest variations found over values of 0.5 (yellow and red area in Fig. 12). This leads

FOV AZ180 ZN10.5
A - 0.96
4 ——~- Designed Centre
6 —==- Real centre 0.84
E 0.72
O | .
T 81 AR e
D 10 0.60
?Cm 10
© 12 A 0.48
<
= - 0.36
QCJ 14
N 16 - 0.24
18 - 0.12
20 - 0.00
165 170 175 180 185 190 195
azimuth angle[deg]
Fig. 12 Normalized radiance (644 nm wavelength) measured through the optical fibre located at 10.5° ZN and
180° AA as a function of the zenith and azimuth angles. White dots represent the position of the lamp over
the virtual sphere during the measurement. The intersection of the dotted red lines indicates the expected
angular position of the optical fibre. The intersection of the dotted green lines indicates its actual position
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to a displacement of the weighted maximum of the angular response. The field-of-view
(FOV) of an optical system is often expressed as the maximum angular size of the object as
seen from the entrance pupil [25], it can be calculated by the Full Width at Half Maximum
(FWHM) of the angular response curve. A way to find the centre of the FOV is to use the
centre-of-mass (MC), which in this case weighs the radiance as a function of position and
wavelength. It is calculated by using Eq. 3

MCO) = ———— 3 L7 7o 3)
S Li(AFy) i=0

i=0
where L is the spectral radiance, X is the wavelength and r is the position of the lamp over
the virtual sphere.

The calculation of the MC in the azimuth direction, resulted in the central FOV position
ranged from 180.2° to 180.6° depending on the wavelength. Since the designed position
of the optical fibre on AMUDIS is 180° AA, the maximum shift amounts to 0.6°. The shift
along the zenith was larger, ranging from 10° at 434 nm to 9.5° at 800 nm. For the whole
spectrum, the shift in position amounts to 0.5°. The average FOV central position of the
whole spectrum, was estimated to be 180.19° for the azimuth and 9.7° for the zenith direc-
tion. For the integrated radiance, the shifts in weighted FOV central position were found
to be only up to 0.19° in the azimuth and up to 0.01° in the zenith direction. Figure 13
shows the angular response along the azimuthal and zenithal directions; the red dots rep-
resent the measured radiance while the blue line is the smoothed radiance obtained by
applying the Savitzky-Golay filter [26] to the spectral radiance data.

The FOV was calculated by: 1) interpolating the angular response on the scanned area;
2) selecting the azimuth and zenith values that cross the weighted centre of the FOV
(green line in Figs. 13); and 3) plotting the radiance along the azimuth or zenith axis as a
function of the angle. According to this procedure, the FOV values was 8.12 £ 0.01° for
the azimuth axis (Fig. 13 a) and 8.14 &+ 0.01° for the zenith axis (Fig. 13 b). The results
suggest that the FOV has a nearly circular shape since both values for zenith and azimuth
are similar.

Angular positions of the FOV of AMUDIS input optics
Results in subsection “Angular Response of an Optical Fibre” suggest that it is only nec-
essary to use a 1-degree angular step to measure the FOV of the entrance optics (which

1.0 —— measurgd L —e— measured

0.8 —— smoothing 08 —— smoothing
= =
% 0.6 §0,6
50.4 204
g T

0.2 “ 0.2

0.0 0.0

165 170 175 180 185 190 195 70 5 10 15 20
Azimuth[deg] Zenith[deg]
a) b)

Fig. 13 Angular response at 644 nm of the optical fibre # 4 along the a) azimuth and b) zenith directions at
644 nm. The green line stands for the FWHM of the smoothed curve
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results in a reduction of the measurement time). Figure 14 shows the results of performing
the scan over the entire virtual sphere and applying the corrections described in section
“Optimization of the method” 1. Figure 14 shows the designed/expected position of the
optical fibres and the actual position at 502 nm and 830 nm. As shown in Fig. 14, the
actual positions of the FOV differ from the expected positions for most of the entrance
optics. For example, for fibres # 5, 61, 114, and 144, the actual position of the FOV cen-
tre are displaced by a few degrees with respect to the expected positions, whereas fibres
# 64,72, and 103 were correctly aligned. We can conclude that the fibre misalignment are
a characteristic of the entrance optics that must be corrected by a full characterization of
the instrument.

In addition to detecting the FOV central position of the fibres, it is also possible to show
the FOVs of a single wavelength in one figure, as shown in Fig. 15. The measured radiance
at each point across the virtual surface was normalized and plotted for a wavelength of
644 nm. As shown in Fig. 15, the FOVs are irregular both in shape and distribution. The
blue area indicates where the FOV of the corresponding fibre is not recognized as the
fibre was broken and does not transmit radiation into these sections. The signal measured
by each optical fibre is different and therefore, the responsivity of the optical fibres is also
different. In addition, it is possible to see some overlaps of the signal at the edge of the
FOVs in the fibres #133 and 134, or 137 and 138. A stronger overlap is shown in the fibre
#48. Some blue areas occur in the FOV of some fibres. This is due to overlapping of the
measurements at these locations. It could be improved by using a new method to extract
only the highest signal measured by one of both optical fibre.

Conclusions

In this paper we have developed a method for the characterization of a multi-directional
entrance optics for sky radiance measurements fitted with 435 different optical fibres uni-
formly distributed along 145 directions. The experimental setup for the characterization
consists of a robotic arm and a 100 W halogen lamp. The robot moves the lamp over
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Fig. 14 Expected and actual FOV positions of the AMUDIS input optics. The red and blue circles represent the
FOVs of the optical fibres at 502 nm and 830 nm respectively. The optical fibres are represented by grey circles
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Fig. 15 Angular response of the AMUDIS input optics at 644 nm. Figure obtained from 20.949 uniformly
distributed measurements over a virtual sphere of radius 102.5 cm and centred on the AMUDIS entrance
optics

the surface of a virtual sphere of 102.5 cm radius around the entrance optics. Measure-
ments of the radiance emitted by the lamp from different positions over the virtual sphere,
allowed in the characterization of the FOVs of the multi-directional entrance optics. The
characterization revealed the actual FOV and the direction of observation of the sky for
each of the fibres on the entrance optics.

Our results suggest that there are still opportunities for improving the development of
the entrance optics as the angular response of the entrance optics exhibited some mis-
alignments. These misalignments are likely attributable to the manufacturing process of
the entrance optics. A possible cause could be that the cut of the optical fibres is not per-
fect (the diameter is very small (50 ;m)). Misalignments could also arrive from during the
bonding of the fibre to the aluminium dome. Finally, the shape of the FOV is not circular,
which results in different angular responses of the optical fibres. Nevertheless note that
the misalignments of the optical fibres remains small compared to the size of the FOV (up
to 15% of the FOV size). It is also important to note that FOV values range from 12° at
400 nm to 5° at 880 nm. Despite the misalignment, there are only four fibres whose FOV
overlaps at shorter wavelengths. For wavelength greater than 550 nm, there is no more
overlapping.

The new characterization method allowed measuring the FOV of multi-directional
input optics with a high spatial resolution (up to 0.5°). This new method is expected to
significantly improve the quality of the spectral radiance measurements, allowing retriev-
ing the shape and direction of the FOV of each optical fibre of the entrance optics with
high accuracy.
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