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A BSTRACT
We have investigated the implementation of a new focusing technique for the MeerLICHT
telescope built by the Radboud University, the Netherlands. At the heart of this focusing
technique lies the so-called Bahtinov mask which is placed in front of the aperture, a mask
that contains a typical grid resulting in a diffraction pattern on the focal plane.
A software tool has been written using Python to analyse the obtained images at the focal
plane and calculate the best M2 focus setting for the optical system. Initial results using cross
section Lorentzian fitting showed a lack of consistency and accuracy in acquiring the best
focus. A combination of the Hough transform technique and Canny edge detection allowed
for the determination of best focus values for stars having a SNR > 15. Obtaining the best
focus value for stars with 10 < SNR < 15 magnitudes requires very good seeing and no artifacts
near the stars on the image plane. Stars having a SNR < 10 are not suitable for this software. A
total of 79 stellar sources spread over 27 different images were selected to deduce the average
best M2 setting to 151 ± 28 microns. This average was obtained from the 79 stellar sources
that represent a total of 10 different stars in those 27 images.
In order to improve the accuracy and the consistency of the software further, first steps
were taken to model the resulting diffraction pattern for the MeerLICHT telescope in order to
improve the fitting of the on-sky sources.
Along with exploring the possibilities using the Bahtinov mask, the integration,
installation and commissioning in Nijmegen the Netherlands and Sutherland in South Africa
are part of this thesis.
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CHAPTER

1

I NTRODUCTION

This thesis encompasses the focus determination at the image plane of the MeerLICHT
telescope of the Radboud University in the Netherlands, Chapter 5. This thesis will elaborate
the basics of diffraction theory, Chapter 2, which is required to understand how several
focusing techniques work, Chapter 3. One of these focusing techniques is used to calculate
the focus of the MeerLICHT telescope. The images are analysed using the probabilistic
Hough transformation in combination with Canny edge detection techniques, see Chapter 4.
Furthermore, this research describes in Chapter 6 the integration and installation of the
MeerLICHT telescope in Nijmegen on the 30th and 31th of January 2017 and at the South
African Astronomical Observatory near Sutherland, South Africa starting on the 6st of July
2017.

1.1 BlackGEM and MeerLICHT
BlackGEM is an array of medium-sized optical telescopes that is being built to detect, among
others, the optical counterpart of gravitational waves sources first detected by the Advanced
Laser Interferometer Gravitational-Wave Observatory (aLIGO) and Advanced Virgo
interferometer (aVirgo). The array will initially consist of three 65 centimeter optical
telescopes and later more will be added. BlackGEM will be located at the La Silla
astronomical observatory in Chile. It is uniquely equipped to achieve a combination of
wide-field and high sensitivity through its array-like approach and good image quality. The
BlackGEM array telescopes will be placed on a 7 meters high tower to ensure optimal seeing
and no effect from real ground-layer seeing.
Prior to the BlackGEM array, a prototype has been built, designated MeerLICHT.
MeerLICHT aims to provide a real-time optical view of the radio transient sky as observed by
ThunderKAT on MeerKAT, South Africa’s precursor radio telescope to the Square Kilometre
Array (SKA). MeerLICHT will be located at the Sutherland station of the South African
Astronomical Observatory (SAAO). It will be a robotic telescope that will work
simultaneously with the MeerKAT telescope, providing a simultaneous study of the
optical-radio skies.
Both BlackGEM and MeerLICHT will have a field of view of 2.7 square degree at 0.56
arcseconds per pixel sampling and they will have the same mechanical and optical design.
However, adjustments made to MeerLICHT will be adopted into BlackGEM.
5
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Figure 1.1.1: A schematic view of the optical design for BlackGEM and MeerLICHT (FDR, 2017).

1.1.1 System requirements
BlackGEM shall be able to achieve a point source sensitivity of 23 mag-AB with SNR = 5 within
5 minutes in the wavelength range of 440 – 720 nanometers, (q-band). This will be achieved
under nominal operational conditions such as a seeing of 0.95 arcseconds for 50% of the time,
wind gusts of less than 15 meters per second for 80% of the time, a night temperature ranging
from 5 to 17 degrees Celsius and a humidity of less than 40% for 80% of the time. Note that
these conditions are set for La Silla and not for Sutherland (FDR, 2017).

1.1.2 Optical design
The design of BlackGEM and MeerLICHT is a modified Dall-Kirkham (Wynn-Harmer) system,
having a focal length of 3300 mm and an aperture of 600 mm obtaining an f/5.5 system. To
reduce the obscuration by the secondary mirror, the pupil is located at the secondary mirror.
Therefore, the primary mirror is oversized to 650 mm to keep vignetting within acceptable
values.
In order to improve the image quality of the system, a new type of atmospheric
dispersion corrector (ADC) has been designed by Rik ter Horst, optical designer at NOVA, the
Netherlands. The system contains a three lens field corrector that fully corrects image quality
over the entire focal plane. By decentering the third lens, the corrector acts as an ADC.
Therefore, no extra ADC-optics are needed which would otherwise have introduced ghost
images and light loss.
The entire system provides a flat, achromatic focal plane at the focus where a
10560x10560 pixel CCD is located. This CCD is a STA1600LN CCD having a pixel size of 9 µm
square and a pixel scale of 0.56 arcseconds per pixel. More technical information on the CCD
6
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Table 1.1.1: Definitions of the BLackGEM and MeerLICHT filters (FDR, 2017).
Filter
u
g
q
r
i
z

Central. Wavel.
(nm)

Bandpass
(nm)

Wavel. range (λ50% )
(nm)

Slope (1%-max)
(nm)

Red Leak
(%)

380
480
580
626
765
900

60
140
280
128
150
150

350 - 410
410 - 550
440 - 720
562 - 690
690 - 840
840 - 990

<20
<20
<20
<20
<20
<20

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

can be found at Semiconductor Technology Associates (2010) or at the website of
Semiconductor Technology Associates, Inc. Figure 1.1.1 shows a schematic view of the
optical design.
A filter wheel is located near the focal plane, with a total of six fused silica filters covering
the wavelength regime of 350 to 990 nanometers. The filters are named: u, g, q, r, i and z and
a detailed definition of the filters is listed in Table 1.1.1. The filters are produced by Astrodon
and have the dimensions of 119x119x3 mm (FDR, 2017).

1.1.3 Mechanical design
The telescope consists of three main parts: the optical tube assembly (OTA), the filter
housing and the cryostat. The filter housing contains the guide cameras, filter wheel and

Figure 1.1.2: A cross section of the BlackGEM and MeerLICHT OTA. Dark grey elements are made
of carbon-fibre, the black baffles are aluminum plates, grey elements are solid aluminum, the primary
mirror surface is yellow (Fused Silica). The blue element is the shutter blade. The cryostat with detector
is located at the far right. Note that this is not the final design FDR (2017).
7
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shutter where the mechanical aspects of the housing are designed by Jan Kragt and Dirk
Lesman, mechanical engineers at NOVA, the Netherlands. The cryostat is designed by Gert
Raskin of the University of Leuven, Belgium and contains the detector in a vacuum chamber.
The OTA contains all the optical elements, it must hold opto-mechanical tolerances
under changing gravitational, temperature and wind load. Figure 1.1.2 shows a cross section
of the BlackGEM and MeerLICHT OTA. A more detailed and complete description of the
optical, mechanical and software design can be found at FDR (2017).

8
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2

F RAUNHOFER DIFFRACTION
2.1 Huygens´s Principle

In 1678, Christiaan Huygens proposed that every point of a wavefront may be considered
the source of secondary wavelets that spread out in all directions with a speed equal to the
speed of propagation of the waves, which has become known as Huygens Principle. A further
crucial point is that the propagating wave, having a frequency and is transmitted through the
medium at a certain speed, results in the secondary wavelets also having that same frequency
and speed.

Figure 2.1.1: According to Huygens, the wave that originates from the point O propagates as if the
wavefront were composed of the wavelets at points a, b, c, d , e. The same holds true for a plane wave1 .

A wave which propagates in a homogeneous medium can be represented as wavelets that
have a finite radii, whereas if the medium is inhomogeneous, the wavelets must have
infinitesimal radii. This is easy to visualize with the help of Figure 2.1.1. The wavelets
originate from points a, b, c, d , e and propagate with velocity v. After a time t , they have
travelled a distance v t at which point the wave is represented by the envelope of the wavelets
at points A, B,C , D, E . It is easy to visualize the process in terms of mechanical vibrations of
1

Source figure: http://karagioza.com/?p=1047
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an elastic medium.
As is the view Huygens envisioned, as is evident from his
comment (Hecht, E., 2003)
"We have still to consider, in studying the spreading out of these waves, that each
particle of matter in which a wave proceeds not only communicates its motion to
the next particle to it. which is on the straight line drawn from the luminous point,
but that it also necessarily gives a motion to all the other which touch it and which
oppose its motion. The result it that around each particle there arises a wave of
which this particle is a center."

2.1.1 Huygens-Fresnel Principle
The way Huygens proposed the principle ignores most of each secondary wavelet, retaining
only that portion common to the envelope. Meaning that Huygens’s Principle itself could not
account for the details of the diffraction process. In the 1800s, Fresnel modified Huygens’s
Principle mathematically by adding in the concept of interference, thereby solving the
problem and reformulating the now called Huygens-Fresnel Principle: every unobstructed
point of a wavefront, at a given instant, serves as a source of spherical secondary wavelets
(with the same frequency as that of the primary wave). The amplitude of the optical field at
any point beyond is the superposition of all these wavelets (Hecht, E., 2003).

2.2 A single slit
2.2.1 Coherent sources
A basic view of the wavelets forming a wavefront can be seen as an idealized line source of
electron-oscillators. These electron-oscillators represent the secondary sources of the
Huygens-Fresnel Principle for a long slit whose width is much less that λ and is illuminated
by plane waves. Each point on the idealized line emits a spherical wavelet denoted as
µ ¶
E0
sin(ωt − kr ),
(2.1)
E=
r
where E 0 is the source strength, r is the distance from the point P to the wavefront, see
Figure 2.2.1, k the wavenumber and ω the angular temporal frequency. In the event the line
segment consists of M points, the net field at a point P from all M segments is
E=

M E
X
L
i =1

ri

sin(ωt − kr i )∆y i .

(2.2)

For a continuous line source ∆y i must become infinitesimal (M → ∞) and we arrive at
Z D/2
sin(ωt − kr )
E = EL
d y,
(2.3)
r
−D/2
where r = r (y) (Hecht, E., 2003).
10
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Figure 2.2.1: A coherent line source (Hecht, E., 2003).

2.2.2 Diffraction of a single slit
Imagine point P in Figure 2.2.1 to be at a large distance from the coherent line source and
R À D. In this case r (y) never differs much from the midpoint value R, resulting in (E L /R) at
P essential being constant. The field at P due to the differential segment of the source d y is
dE =

EL
sin(ωt − kr )d y,
R

(2.4)

where (E L /R)d y is the amplitude of the wave. By expanding r (y) as
y2
r (y) = R − y sin θ +
cos2 θ + . . . ,
2R

(2.5)

where θ is measured from the xz−plane and ignoring the third term as long as its contribution
to the phase is insignificant even when y = ±D/2. Which is true for all values of θ as long as
R is large. This denotes the Fraunhofer condition where the distance r is linear in y in the far
field approximation. We now obtain, after substituting Equation 2.5 and some algebra
µ
¶
E L D sin β
E=
sin(ωt − kR),
(2.6)
R
β
where β ≡ (kD/2) sin θ.
The irradiance is given by I (θ) =< E 2 >T or
µ
¶ µ
¶
1 E L D 2 sin β 2
I (θ) =
,
2 R
β
11

(2.7)
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where < sin(ωt − kr ) >T =
irradiance is given by

1
2.

Finally, when the Fraunhofer approximation applies, the

¶
sin β 2
I (θ) = I (0)
,
(2.8)
β
with I (0) being the irradiance at the principal maximum. Mathematically speaking
Fraunhofer diffraction occurs when
D
¿ 1,
(2.9)
λR
where D is the aperture size and R the distance from the aperture or slit. The diffraction given
by such a slit, typically being several hundred λ and a length of a few centimeters. Can be
analysed by dividing the slit into a series of long differential strips parallel to the y-axis, see
Figure 2.2.2. One can see the resemblance to Figure 2.2.1, were each strip in Figure 2.2.2 is a
long coherent line source and can therefore be replaced by a point emitter on the z-axis.
µ

Figure 2.2.2: A slit having height l and width b where the point P is essentially infinitely far away from
Σ (Hecht, E., 2003).

The problem of calculating the irradiance for a slit reduces to the evaluation of the
integral of the contribution d E from each element d z in the Fraunhofer approximation. This
is because we can view the problem of finding the field in the xz-plane due to an infinite
number of point sources extending across the width of the slit along the z-axis. The integral
is equivalent to that of a coherent line source and thus is given by
¶
µ
sin β 2
I (θ) = I (0)
,
(2.10)
β
where β = (kb/2) sin θ and θ is measured from the x y-plane.
12
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2.3 Multiple rectangular apertures
To evaluate the irradiance of multiply slits one takes the procedure for a single slit and
expands it to multiply slits. The general expression for Fraunhofer diffraction for an arbitrary
aperture where r and R are very large compared to the size of the hole is given by:
E A e i (ωt −kR)
Ẽ =
R

Ï

e i k(Y y+Z z)/R d S,

(2.11)

Aperture

where d S(y, z) is the surface of the aperture, E A is the source strength for the area d S and
is assumed that point P 0 in Figure 2.3.1 is in the far-field (Hecht, E., 2003). Building further
from expression 2.11 by taking a look at Figure 2.3.1, one can express the disturbance at point
P (Y , Z ) by:
E A e i (ωt −kR)
Ẽ =
R

·Z

e
Z

+
+

b/2

−b/2
d +b/2

i kY y/R

Z

e i kY y/R d y

d −b/2
Z (N −1)d +b/2

a/2

dy

e i k Z z/R d z

−a/2
Z d +a/2
d −a/2

e

i kY y/R

Z

e i k Z z/R d z + . . .

(N −1)d +a/2

dy

(N −1)d −b/2

e

(2.12)

i k Z z/R

¸
dz ,

(N −1)d −a/2

where N is the number of rectangular apertures, a is the width and b the height of the aperture
and d is the distance between the apertures. Performing the integrals results in:
" Ã
!Ã
!
kaZ
sin kbY
sin
E A e i (ωt −kR)
2R
2R
ab
Ẽ =
kbY
kaZ
R
2R
³
´ 2R i d k Z
³
´
i d kY
bkY
Z
2Re R sin 2R 2Re R sin ak
2R
+
+...
kY ´
kZ
³ i bkY
³
´ i k Z (a−2d )(N −1)) 
i kY (b−2d )(N −1))
i ak Z
2R
2R
i R e R − 1 e−
i R e R − 1 e−

+
·
kY
kZ

(2.13)

which is not a trival equation to solve, however when taking another look at Equation 2.12,
one can calculate that the contribution of the j th aperture is given as
i (ωt −kR)

Ej =

abE A e
R

·e

i j d kY
R

e

i jdkZ
R

sin
·

³

bkY
2R

´

sin

abk 2 Y Z
4R 2

¡ ¢
abE A e i (ωt −kR) i j d k (Y +Z ) sin β sin (α)
=
·e R
·
,
R
βα
13

³

ak Z
2R

´
(2.14)
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Figure 2.3.1: Multiple rectangular apertures having width a and height b with d the distance between
the apertures. The plane σ is essentially infinitely far away from Σ.

bkY
Z
where α = ak
2R and β = 2R . The total optical disturbance, as given in Equation 2.12, is now
the sum of the contributions from each of the apertures,

Ẽ =

NX
−1

Ej

j =0

¡ ¢
abE A e i (ωt −kR) i j d k (Y +Z ) sin β sin (α)
=
·e R
R
βα
j =0
¡ ¢
−1 i j d k
abE A e i (ωt −kR) sin β sin (α) NX
=
e R (Y +Z ) ,
·
R
βα
j =0
NX
−1

where we can write the summation in Equation 2.15 as
14

(2.15)
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NX
−1

e

i jdk
R (Y +Z )

=

j =0

NX
−1

(e i 2γ ) j

j =0

=

e i 2γN − 1

e i 2γ ¡− 1
¢
e i γN e i γN − e −i γN
¢
¡
=
e i γ e i γ − e −i γ
µ
¶
i (N −1)γ sin γN
=e
,
sin γ

(2.16)

where γ = d k/2R and thus
¡ ¢
µ
¶
abE A e i (ωt −kR+(N −1)γ) sin β sin (α) sin γN
Ẽ =
·
·
.
R
βα
sin γ

(2.17)

The distance from the center of the aperture array to the point P is equal to
[R − N (−1)(d /2) sin θ] and therefore the phase of E at P corresponds to that of a wave
emitted from the midpoint of the source.
Finally, the irradiance is given by
1
∗
2
< (ReẼ ) >= 2 Ẽ Ẽ , which gives
µ
¶ µ
¶ µ
¶
sin β 2 sin α 2 sin γN 2
I (Y , Z , N ) = I 0
,
(2.18)
β
α
sin γ
where I 0 is the irradiance at the principle maximum.

2.4 Fourier Transform and aperture
The Fourier transform is a useful tool to decompose a function of time or space into the
frequencies. The Fourier transform provides a very useful insight into the mechanism of
Fraunhofer diffraction, which of course deals with electric fields that depend on time. Taking
a look at Equation 2.11, we note that the i (w t − kR) term relates the phase of the disturbance
at point (Y , Z ) to that of the center of the aperture and the 1/R term just describes the
dependence of field amplitude with distance from the aperture. If we only concern ourself
with a small region where R is essentially constant, then everything in front of the integral is
constant with exception to E A .
We can write the term in front of the integral as
A(y, z) = A 0 (y, z)e i φ(y,z) ,

(2.19)

where the amplitude of the field over the aperture is given by A0 (y, z) and the phase variation
is given by e i φ(y,z) . Equation 2.19 is called the aperture function.
We have A(y, z)d yd z being proportional to the diffracted field emanating from the
element d yd z. Resulting in a more generalized version of Equation 2.11 as
Ï∞
Ẽ (Y , Z ) =

A(y, z)e i k(Y y+Z z)/R d yd z,

−∞
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with the limits being ±∞ because A(y, z) is only nonzero over the aperture region.
We can write Equation 2.20 as
Ï∞
Ẽ (k Y , k Z ) =

A(y, z)e i (kY y+k Z z) d yd z,

(2.21)

−∞

where k Y = kY /R and k Z = k Z /R and thus for each point on the image plane, there is a
corresponding spatial frequency. As one can see, Equation 2.21 is actually the Fourier
transform of the aperture function. This generally holds true, the field distribution in the
Fraunhofer diffraction pattern is the Fourier transform of the field distribution across the
aperture, in other words: Ẽ (k Y , k Z ) = F {A(y, z)} (Hecht, E., 2003).
This feature of the Fourier transform allows us to visualize how a monochromatic
uniform incoming wavefront through an aperture will be displayed on an image plane. It is a
much faster and easier method compared to analytically calculating the pattern. The Fourier
transform of an aperture shows the Fraunhofer diffraction of a monochromatic source, but it
can be expanded to form a bandpass having a wavelength regime by adding the different
Fourier transforms together. This is due to the fact that a superposition of Fourier transforms
of apertures with different wavelengths gives a broadband diffraction pattern of that
wavelength regime.
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I MAGE QUALITY AND FOCUS TECHNIQUES
3.1 Image quality

The image quality of telescopes is a broad field; it varies from environmental factors to
opto-mechanical factors of the telescope itself. Environmental factors include seeing
conditions, the Moon, light pollution and clouds, which all affect the image quality.
Collimation, charge-coupled device (CCD) properties, mechanical stresses and diffraction
features are all factors that originate from the telescope itself. These factors are very well
thought out before the construction of the telescope even begins. By choosing certain
components and designing the telescope in such a way that the image quality is the least
amount compromised, one has to mainly focus on the environmental factors (Suiter, Harold
R., 1994).
One of the most important environmental factors is the seeing.
Seeing is the
phenomenon where light arriving from a star or other astronomical source is scattered by
refractive inhomogeneities due to the atmospheric turbulence. As the light wave propagates
through the atmosphere, it experiences fluctuations in amplitude and phase. In the event an
image is focused on this wave, the image will exhibit fluctuations in intensity, sharpness and
position. These fluctuations are referred to as scintillation, image blurring and image motion
respectively.
These effects can be reduced by correcting the incoming wavefront actively as is done via
adaptive optics. This is a very useful technique for optical telescopes, where a deformable
mirror sits in front of the camera of the telescope and is able to adapt its shape to the
incoming wavefront.
Another environmental factor that influences the image quality is the wind. Wind may be
a major source of guiding errors when the telescope structure and particularly the upper part
of the telescope tube are exposed to high frequency fluctuations. These fluctuations can be
corrected by a servo control system on the mount of the telescope, compensating
quasi-static loads and fluctuating components up to a certain frequency. Some telescopes
also have servo-controlled tilting secondary mirrors, to increase the correction frequency.
These are only a handful of aspects related to the image quality of a telescope, but of
course there are many more. The overall image quality is measured in typical terms such as
the full width half maximum (FWHM) of the seeing disk, PSF profile, the Strehl ratio,
wavefront errors and pointing profile.
Focusing a telescope is not very trivial. Amateur telescopes mostly use a mask to focus
17
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the telescope. Some examples are the Carry and Bahtinov masks which diffract the incoming
light and reveal a typical diffraction pattern and are used for focusing which is more detailed
in Section 3.2.

3.2 Focusing techniques
This section describes focusing techniques for telescopes, both professional and amateur.
The general method for determining the best focus of a telescope is by the use of the point
spread function of bright stars, although this technique has it drawbacks. The Hartmann and
Bahtinov masks are both well known focusing techniques in the amateur astrophotography
world, where the Hartmann mask also in professional applications. However, the Bahtinov
mask is not used in professional telescopes as far as we know. This is probably an unknown
method to focus a telescope among professional telescopes, because the Hartmann mask
dates back to the beginning of 1900 and the Bahtinov mask was first used in 2005. Therefore,
astronomers know much more about the Hartmann mask and have many software
applications available, which is not true for the Bahtinov mask.
The star trail test is another technique, here one takes a series of time exposures and
during the exposure vary the focus. Star trails will appear originating from one star and will
diverge away from each other. When moving through the focus the star trails will cross one
another and move opposite in comparison to the other side of the focus.

3.2.1 Point spread function focusing
The most general technique in the book is to find several bright stars in the field of view of the
telescope and make numerous image at different focus settings. By obtaining these images at
various focus settings one can calculate the point spread function (PSF) by Gaussian fitting.
By calculating the size of the PSF at the different focus settings one can plot the PSF versus
the focus position and obtain a parabola. The best focus position of the telescope is where
the PSF is the smallest. Unfortunately, severely out of focus stars frequently have the shape
of an annulus or disk, which does not match the shape of the Gaussian accurately. This effect
is often caused by dominant seeing variations. Therefore, sometimes the focusing cannot
happen accurate enough as the parabola is shallow and the minimum PSF is hard to pin down.
This technique is easy to implement as no additional equipment is needed for the focus
run such as a mask. A drawback of this technique is the amount of time it takes to perform the
focus run as one has to take several images at the beginning and during the night in order to
obtain the PSF curve. This is due to changing temperatures which change the focus, however,
often a thermal model is used to compute the focus rather than refocusing the telescope onsky.

18

CHAPTER 3. IMAGE QUALITY AND FOCUS TECHNIQUES

3.2.2 Focusing masks
Hartmann mask
J. Hartmann invented the first truly scientific method of analysing image quality where direct
quantitative results are obtained in operational telescopes in 1904. Even today it is the basis
of most accurate measures of telescope image quality.
Figure 3.2.1 shows the basic principle of the Hartmann test where a Hartmann screen, H ,
containing holes which isolate sub-apertures of mean height y from the axis is placed in front
of an objective. The classical hole diameter is recommended to be 0.2 to 0.5% of the focal
length. At I 1 and I 2 images are taken well outside the focal plane. The holes in the mask break
the incoming light into beams, which are deflected according to the local distortions of the
sensed wave front. On the assumption that the rays intersect at the meridian plane
s 0y − s 10
s 20 − s 0y

=

e1
,
e2

(3.1)

when measuring axial intercepts from an arbitrary point. e 1 and e 2 are the separations of the
‘Hartmann spots’ recorded on the images. Rearranging Equation 3.1 gives
s 0y = s 10 +

¢
e1 ¡ 0
s 2 − s 10
e1 + e2

(3.2)

By measuring the separation between the two ‘Hartmann Spots’ and knowing the axial
values at which the images are taken, one can calculate the best focus s 0y . The variations
¡ 0
¢
s 2 − s 10 = ∆s 0y as a function of y can give information on spherical aberration (Wilson, R.N.,
2001). Many variations of the Hartmann mask are used to analyse the aberrations present in
a optical system. Even though this was applied to an objective, one can adapt this technique
to function for any telescope.

Figure 3.2.1: Geometry of the classical axisymmetrical Hartmann test for an objective (Wilson, R.N.,
2001).

19

CHAPTER 3. IMAGE QUALITY AND FOCUS TECHNIQUES

Figure 3.2.2: A Hartmann mask showing the diffraction patterns of a simulated star of an f/4.5
telescope with an aperture diameter of 20 cm for in focus, 20 microns of defocus and 100 microns
of defocus. Diffraction patterns are obtained via Maskulator.

Amateur astrophotographers use the Hartmann mask to bring their telescope into focus.
One places the Hartmann mask in front of the aperture, typically the mask contains two or
three holes. In fact, a mask containing several holes is called a Hartmann mask and
containing two holes is called the Scheiner disk. An example is pictured in Figure 3.2.2 where
a Hartmann mask contains two holes. The patterns are shown for an f/4.5 telescope having
an aperture diameter of 20 cm. As one gets close the perfect focus, it is difficult to attain the
best focus. This can be seen in Figure 3.2.2 at 20 microns of defocus and perfect focus.
This is one of the drawbacks of a Hartmann mask.
Due to this, sometimes
astrophotographers use a Hartmann mask with triangles instead of circles. Here one obtains
patterns where the best focus is more easily to distinguish as one moves close to perfect
focus, but still not as clearly with a Bahtinov mask.
Bahtinov mask
A modification of the Hartmann mask is the Bahtinov mask, it was invented by the Russian
amateur astrophotographer Pavel Bakhtinov in 2005 by trial and error as is discussed on
http://www.astronomy.ru/forum/index.php/topic,10421.0.html. To get a more
precise estimate of the perfect focus, the Bahtinov mask is an excellent upgrade to the
Hartmann mask. With the correct software the focus can be extremely well determined.
The mask typically has the features as shown in Figure 3.2.3. As Bahtinov mentions, the
angle of the angled grating was chosen intuitively at 20 degrees, which has since been the
typical standard. Just like the Hartmann mask, one places the Bahtinov mask in front of the
aperture of the telescope, this is typically used by amateur astrophographers.
The incident plane wave arrives at the mask and diffraction starts to occur and the
diffraction spikes that emerge behind the mask are subject to all the optics inside the system.
Due to the characteristic shape of the Bahtinov mask the emerging diffraction spikes will
form a cross and a straight diffraction spike at each position on the CCD where a star is
2

Source figure: http://telescopeshop.co.za/shop/images/telescope_accessories_astrophotography/Bahtinov2.jpg
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Figure 3.2.3: A typical Bahtinov mask has three distinct sections where the two angled sections
customarily are at a 20 degree difference with respect to the largest section2 . Diffraction patterns for
the Bahtinov mask on the left are shown for a f/3 telescope with 30 cm aperture. Diffraction patterns
shown for -100 microns out of focus, perfect focus and 100 microns out of focus. Diffraction patterns
are obtained via Maskulator for a single star.

observed. In the case of the CCD being placed intrafocal or extrafocal, the straight spike will
be either on the left or right side of the intersection of the cross. This depends on the
orientation of the Bahtinov mask.
The Bahtinov mask can be expressed as a superposition of three grids with multiple
rectangular apertures as is described in Section 2.3. On the assumption that the three
sections of the Bahtinov mask consist of equally sized slits per section, one can create a first
order approximation of the emerging diffraction pattern. However, it is simpler to apply a
Fourier transform on the Bahtinov mask to obtain the far-field pattern of the mask, this is
shown in Figure 3.2.3. The diffraction pattern is obtained via the program Maskulator which
takes the Fourier transform and simulates in and out of focus images. Figure 3.2.3 shows the
diffraction pattern for an f/3 telescope with an aperture of 30 cm when the focal plane is -100
and 100 microns out of focus. One observes the vertical diffraction spike to move from the
left to the right when going to a positive value for the out of focus parameter.
The Bahtinov mask is an excellent technique to bring telescopes into focus and is widely
used by amateur astrophotographers. The technique is, to our knowledge, not used in
professional observatories to bring (large) telescopes into focus. This is because most
professional telescope are able to perform the focus test using the PSF. In the event a
telescope is unable to use this technique, the Hartmann mask is used. Focus determination
can also provide information on the actual shape of a CCD. One can obtain the axial defocus
of stars across the CCD and thereby determine its shape, however, this can only be applied
when the method of determining the axial defocus is very accurate.
There are many variations to the Bahtinov mask. Having the slits oriented in a typical
layout one can create diffraction spikes to visualize defocused images. An example of this is
the Carey mask as shown in Figure 3.2.4.
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Figure 3.2.4: On the far left the original Carey mask. The other two are examples of a focusing mask.
Images obtained via Maskulator and http://www.goldastro.com.

3.2.3 Star trail test
A traditional technique to determine the exact focus of a telescope is by taking a series of
time exposures and varying the focus during the exposure. This method was first described
by Edward Skinner King in ‘A Manual of Celestial Photography’ in 1931.
During the long exposure, one increments different focus settings which are usually
defined beforehand and automatized. As a result, the trail of a star will consist of two trails
with a distance between them, these two trails will originate from a single star, as is shown in
Figure 3.2.5. During the increments one should close the pupil shortly to distinguish
different focus settings which is also shown in the figure. Some telescopes operate in a way
where the defocus is determined by moving the mirror. As this will take a moment to
accomplish, it is again preferred to close the pupil when changing the focus of the telescope.
If this method is repeated on nights of different temperature, a chart can be compiled
plotting focus versus temperature change, and exact focus can be accomplished on nights
where temperature variations would change the focus.

Figure 3.2.5: Star trail focus test where the best focus is obtain for star number 1 and the worst focus
for star number 7 as the trails are the widest apart. Note that bright stars are not suitable for this test
as the defocused trails overlap to form a single trail 3 .

3

Source figure: http://www.astropix.com/html/i_astrop/focus/methods.html
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H OUGH T RANSFORMATION

Detecting patterns in images is not a trivial undertaking. The Hough transformation (HT) is
a feature extraction technique to detect shapes in images by finding imperfect instances of
objects within a certain class of shapes by a voting procedure. It was first proposed by P.V.C.
Hough in 1959 (Hough P.V.C., 1959) to detect lines only, but later adapted to detect the
positions of arbitrary shapes, usually ellipses and circles (Duda, R.O. and Hart, P.E., 1972).

4.1 Fundamentals
Hough originally used the slope-intersect parameters to define collinear points in a figure.
This parametrization results in a two-dimensional slope-intersect parameter space, the
problem with this parametrization is it being unbounded. Duda, R.O. and Hart, P.E.
proposed a different parametrization, the normal parametrization as shown in Figure 4.1.1.

Figure 4.1.1: The normal parametrization for a line.
The equation that belongs to the geometry of the line in Figure 4.1.1 is
r = x cos θ + y sin θ

(4.1)

and for multiple points, P = {(x i , y i ) i = 1, ...M },
r = x i cos θ + y i sin θ.
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Using this parametrization, one can define (r, θ) coordinates to each line representing the
point crossing those (r, θ) coordinates, note that this is only applicable when 0 < θ < π and
r ≤ R or 0 < θ < 2π and r ≥ 0. The (r, θ) plane is sometimes referred to as Hough space for a
set of straight lines in two dimensions. The point at (r, θ) defines all lines going though that
point. All those lines correspond to a sinusoidal curve in the (r, θ) plane which is unique to
that point. Using two or more points that form a straight line will produce sinusoids which
cross at (r, θ) for that line. Thus, the problem of detecting collinear points can be converted
to the problem of finding concurrent curves.
By mapping a single point from image space to Hough space, one obtains all lines that
go through the point in the image space. An example is shown in Figure 4.1.2 for the point
p 0 = (40, 30).

Figure 4.1.2: A point p 0 = (40, 30) in image space mapped into the Hough space. The Hough space
line represents all possible lines going through point p 0 (Hough images).
Using two points one can represent a line. As is shown in Figure 4.1.3, the two sinusoidal
lines intersect which is interpreted as true lines in the image. To determine the points in an
image on which to apply the Hough transformation one can use for example a Canny edge
detector.

4.2 Canny edge detector
The Canny edge detector is a technique to locate a wide range of edges in an image by use
of a multi-stage algorithm. This is tricky, as edge detection is susceptible to noise and it is
based on steep intensity gradients in the image. The distinction between intensity gradients
can become difficult when the image has intensity levels close together (Canny, 1986).
To reduce the noise, a Gaussian filter is used. This will slightly smooth the image to reduce
the effects of obvious noise on the edge detector. The equation for a Gaussian filter kernel of
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Figure 4.1.3: Transformation of two points in image space mapped into the Hough space. The
intersection of the Hough space lines indicates the line that pass through both p 0 and p 1 (Hough
images).

size (2k + 1) × (2k + 1) is given by:
µ
¶
1
(i − (k + 1))2 + ( j − (k + 1))2
Hi j =
exp −
2πσ2
2σ2

1 ≤ i , j ≤ (2k + 1).

(4.3)

The size of the filter is related to the detector’s sensitivity to noise as the noise level will be
lower for a larger filter size. Additionally, the localization error to detect the edge will slightly
increase with the increase of the Gaussian filter kernel size. A 5×5 is a good size for most cases,
but this will also vary depending on specific situations.
Following the Gaussian filter, the smoothened image is filtered using a Sobel operator in
both horizontal and vertical direction to get the first derivative in horizontal direction (G x )
and vertical direction (G y ). A Sobel operator is used on images to create a new image
emphasizing edges. From these two images, we can find edge gradient and direction for each
pixel as follows:
q
Gy
(4.4)
G = G x 2 +G y 2 , Θ = arctan
Gx
where G is the gradient magnitude, Θ is the gradient’s direction and G x and G y are
two-dimensional convolution with the original image, A, and the two Sobel operators, as
shown in Equation 4.5.


1 0 −1
G x = 2 0 −2 ∗ A,
1 0 1




1
2
1
0
0 ∗A
Gy =  0
−1 −2 −1

(4.5)

Following the determination of the gradient magnitude and direction, a full scan of the
image is performed to filter out pixels not relevant to the edges. One suppresses these pixels
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by looking at each pixel and check whether it forms a local maximum with neighboring
pixels in the direction of the gradient. In the event this is the case, the pixel is considered for
the next stage, if not, it is set to zero.
The last stage determines if the pixels that were obtained in the previous stage are really a
member of edges. Using a minimum and maximum threshold value these pixels are further
examined. Pixels having a gradient magnitude higher than the maximum threshold is
considered to be part of an edge. In the event the magnitude is between the minimum and
maximum threshold, the pixel is classified as an edge pixel or non-edge pixel based on their
connectivity with respect to the neighboring pixels. If the pixel is connected to a pixel whose
magnitude is higher than the maximum threshold, the edge is accepted otherwise it is
rejected. This method also allows for further filtering of noise edges based on the length of
the detected edge (Canny, 1986).

4.3 Probabilistic Hough Transformation
In the standard Hough transformation (SHT) algorithm implemented by Duda, R.O. and
Hart, P.E. (1972), the (r, θ) plane is divided into Nr × Nθ rectangular cells and represented by
an accumulator array, where the dimension of the accumulator array depends on the
number of unknown parameters.
The first stage of the algorithm is the so-called
incrementation stage where for each point the accumulators corresponding to the cells that
the sinusoid intersects are incremented. The second stage is the search for the maxima and
minima in the accumulator array (Kiryati, N. and Bruckstein, M., 1991).
The SHT has the disadvantage of mapping each pixel to represent part of an edge feature,
which results into many points in the Hough space. In the case of a straight line, a single
edge pixel is mapped to a sinusoid in 2D parameter space representing all possible lines that
could pass through that image point. As a result the computation time for the SHT can be
high which is dominated by the incrementation stage. Another complication is the selection
of an optimal and efficient resolution of the accumulator space. The Hough transform is only
efficient if a high number of votes fall in the right cell, so that the cell can be easily detected
amongst the background noise. This means that the cell must not be too small, or else some
votes will fall in the neighboring cells, thus reducing the visibility of the main cell.
According to Kälviäinen, H. and Oja, E. (1995), Xu et al. (1990) were the first to introduce
the randomized Hough transform (RHT), in which the mechanisms of random sampling of
points and mapping was first used. This technique overcomes many problems associated
with the SHT and belongs to the family of the probabilistic hough transforms (PHT). There
are many versions of the Hough transform to overcome these difficulties, such as the fast
Hough transform, adaptive hough transform and Monte Carlo Hough transform. Kälviäinen,
H. and Oja, E. (1995) presents a good overview of probabilistic and non-probabilistic Hough
transformations.
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4.3.1 Randomized Hough Transform (RHT)
The general concept of the RHT is based on the fact that a single parameter point can be
determined uniquely with a pair, triple or generally n-tuple of points from the original
image. As opposed to the conventional HT where one maps a single pixel in the original
image to a curve in the parameter space, one uses a pair of pixels to map it to a single cell in
the parameter space. This mapping is done by simply solving the following joint equations:
y 1 = α1 x 1 + α2
y 2 = α1 x 2 + α2

(4.6)

By selecting two point pairs randomly and using Equation 4.6, we obtain the parameter point
(a, b) which is placed in the accumulator. This random sampling is run long enough to detect
a global maximum in the accumulator space. At this point, the parameter point (a, b) of the
global maximum describes the parameters of the detected curve or line, which can then be
removed from the image to start the algorithm again with the remaining pixels. The global
maximum is described by a threshold which is submitted to the algorithm, the noisier the
original edge image is, the higher the threshold should be. In the case of line detection the
algorithm consists of three parts:
1. Create a set D containing all the edge points.
2. Randomly select a point pair from the set D, if the points are far enough apart, solve
Equation 4.6 and map the resulting A(a, b) into the accumulator P .
3. If A(a, b) is equal or higher than the threshold, the parameters a and b represent the
parameters for the detected curve ; otherwise continue to Step 2.
The elements of the accumulator P can be ordered according to their a, b values, which
result in a tree structure. Using a dynamic tree structure, arbitrarily high accuracy and a
lesser amount of computation time is achieved.
As the example above shows, one can detect lines in images. However, this technique is
also applicable to other features when those features are linear with respect to the
parameters
α1 z 1 + α2 z 2 + . . . + αn z n + z 0 = 0,
(4.7)
where z i , i = 0, . . . n only depend on x, y and constants. Having non-linear expressions with
respect to the parameters imposes some difficulties.
Compared to the conventional HT and other variants, the RHT has the advantage that
it can evaluate the whole extent of an infinite parameter space where the conventional HT
has a predefined accumulator and can therefore only observe those curves whose parameters
are within a finite window of the parameter space. Another advantage is the computation
speed, for the RHT, at each step, only one parameter point of P is update which greatly reduces
the computation speed where for the HT, one pixel is transformed into a curve and all the
cells lying on the curve should be accumulated. The result is the computation speed being
constrained by the size of the accumulator array.
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In Zandvliet, M. (2017) we set the basis to develop software to determine the focus of the
MeerLICHT telescope at the CCD. We used a technique were we calculated the focus using a
cross section Lorentzian fit. We took the cross section per pixel slice of the image containing
the Bahtinov diffraction pattern and fitted three Lorentzian curves to determine the position
of the diffraction pattern. Using the position one can determine the axial focus as is
elaborated later in this chapter.
This software was rudimentary and incomplete as the images used were made at
impractical circumstances and it used a Bahtinov mask created from a piece of carton
instead of the manufactured mask from aluminium. Therefore, the determination of the
focus was unreliable, however we were able to determine a best M2 offset using a single star
in the image.
The results shown in this thesis are obtained using the new manufactured Bahtinov
mask. This Bahtinov mask consists of the three grids, two of which are angled at an 20 degree
tilt with respect to the largest grid. The largest grid is made up of 44 slits with a width of
7.9mm and a center to center distance of 15.8mm, the two angled slits are made up of 26 slits
with the same dimensions as the main grid.

5.1 Previous conclusions
The results obtained in Zandvliet, M. (2017) were based on observation made at ASTRON,
Dwingeloo. Here we were able to calculate the expected best M2 offset using the star HR 286
located at 01 33 50.73060 +89 00 56.29964 and 80 other data points spread over seven
stars. The best M2 offset was determined to be 149 ± 8µm for the star HR 286 and the mean
best M2 offset using the seven stars, 141 ± 47µm.
The observations used for these results were obtained using the Dobsonian mount and
therefore had no tracking available. Hence, not a lot of stars were suitable for the software, on
top of which no bias, flat or dark frame were taken. An interesting result that emerged from
comparing the two M2 offsets is the fact that they are close together as the best M2 offset of
the star HR 286 was 149 ± 8µm and for all seven stars 141 ± 47µm. Indicating that the
software is working and is able to determine the axial offset for several stars over the image.
Even though we previously determined the best offset, it was just a check whether it was
possible to use the Bahtinov mask to perform focusing. As MeerLICHT is integrated in
4

Source: Simbad; http://simbad.u-strasbg.fr/simbad/sim-basic?Ident=HR+286&submit=SIMBAD+search
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Nijmegen, the collimation had to be redone and the CCD and other optics are integrated
differently than it was in Dwingeloo. Therefore the results obtained after Dwingeloo cannot
be directly compared to the results obtained in Dwingeloo.

5.2 Hough transform and Bahtinov mask
In order to determine the position of the diffraction spikes we previously determined them
via cross section Lorentzian fitting. However, since this method relied on too many input
parameters and criteria, the technique proved to have a too high level of uncertainty. There
were events where the axial defocus in different images for the same star varied signs and
where the values of axial defocus were too far apart to be reliable, sometimes more than a

(a) The Bahtinov mask used on (b) The model of the Bahtinov
MeerLICHT.
mask.

Figure 5.1.1: (a) shows the actual mask that is being used for MeerLICHT were (b) shows the blueprint
of the mask.

Figure 5.2.1: An example of the Canny edge detection in combination with the probabilistic Hough
transformation for the star HD 53168 having a SNR of 76.
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factor of two.
Another technique, which originates from detection shapes and features in images, was
explored to overcome these problems. The probabilistic Hough transformation (PHT) in
combination with Canny edge detection to detect lines in the image proved to increase the
consistency of determining the position of the diffraction spikes. This technique allowed for
the easy detection of the diffraction spikes, however, to be able to detect the lines, the input
parameters had to be tweaked.
Following the determination of the sources in the field using a Python implementation of
SExtractor named sep, we extract the source out of the field using a 400×400 pixel sized
grid and rotate it 45 degrees to align the central spike horizontally. The 45 degree matches
the angle between the Bahtinov mask attachment points on the telescope and the
orientation of the CCD.
Next, we use the Canny edge detection technique to detect the gradients of the

Figure 5.2.2: The final diffraction fits obtained from Figure 5.2.1, HD 53168 itself is shown in
logarithmic scale.

30

CHAPTER 5. AN IMPROVED BAHTINOV MASK ANALYSIS

diffraction spikes for the star HD 531685 , which has a SNR of 76. An example of the detected
Canny edges is shown in Figure 5.2.1, where the edges of the diffraction spikes are extracted
out of the image. The edges are then submitted to the PHT to determine the lines, using a
threshold value, a minimum line length and a maximum line gap. The line gap is a
parameter that merges lines which lie together within a certain value.
As is evident from Figure 5.2.1, the detected lines are not completely aligned with the
diffraction spikes and multiple lines are detected. The input parameters are threshold = 20,
line_length = 60, line_gap = 70 and the angles at which to perform the PHT in radians.
Those angles are set by the Bahtinov mask where the diagonal grids are at a 20 degree offset
compared to the largest slit grid.
The detected lines by the PHT are translated into linear equations in the form of
y = ax + b to evaluate the intercept point, b. As the angle of the diffraction spikes should
always be the same, a general intercept point can be set as a criteria to further filter out the
correct lines. We separate the detected lines into two groups per diffraction spike, these
groups contain the outer lines of each diffraction spike.
The standard variation is obtained under the assumption that the cross sections of the
diffraction spikes follow a Gaussian distribution. Using this assumption, one can use the
distance between the mean of the outer detected lines per diffraction spike obtained
from
p
the HT as a FWHM. Which relates to the standard deviation as FWHM = 2 2 ln 2σ, for a
Gaussian distribution. This method of uncertainty calculation resulted into uncertainties
having a value around 200 microns for every detection.
In Figure 5.2.1 we see that many lines represent the diffraction spikes, most of them are at
the edges of the individual spikes. To estimate the center of the spikes, we take the mean
position of the lines at the edges and in turn take the average of the two emerging lines.
Thereby obtaining the result as shown in Figure 5.2.2, we can see the uncertainty of the
intersection of the two diagonal lines is quite large. In the case of Figure 5.2.2 this is ±(2.7,
7.8) pixels or ±(24.6, 70.2) microns in the x- and y-direction respectively. This results into a
large standard deviation of the calculated axial distance of ±258.5 microns.
Theoretically, the best focus should be located halfway between the intersection and the
vertical diffraction spike, in other words; at the source’s center. The axial displacement that
M2 has to travel in order to correct the defocus can be calculated by taking half the distance
between the intersection and the vertical line, multiplying that by the pixel size of 9 microns
and multiplying it by the focal length divided by the distance between the optical axis and
the ‘center of gravity’ of the Bahtinov gratings, see Equation 5.1.
4.73a = 9

d f
,
2∆

(5.1)

where a is the axial displacement, d is the distance between the intersection and vertical line,
f ≡ 3.3 · 106 microns is the focal length and ∆ ≡ 2.59 · 105 microns is the distance between the
optical axis and the ´center of gravity´ of the Bahtinov gratings. The factor of 4.73 originates
from the optical design of MeerLICHT where a displacement of 1 mm in M2 results in a shift
of 4.73 mm at the focal plane.
5

Source: http://simbad.u-strasbg.fr/simbad/sim-basic?Ident=HD+53168&submit=SIMBAD+search
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Figure 5.2.3: The calculated axial defocus for different values for the M2 piston position. There are no
data points at a offset of 100 microns as those data points did not meet the criteria.

5.2.1 Conclusion
Using the PHT we obtained the calculated axial defocus and best M2 piston position. The
technique did not allow for a more accurate method to determine the axial defocus. As
Figure 5.2.2 shows, the uncertainty around the intersection point is quite large, although the
x-direction if not relevant for the uncertainty of the axial defocus. The uncertainty in the
y-direction and the uncertainty of the central diffraction spike determine the uncertainty of
the axial defocus. In the case of Figure 5.2.2 the uncertainty is 259 microns, where the
calculated axial defocus is 463 microns. Unfortunately this is not an isolated event, all
calculated axial defoci show a high value for the uncertainty. This is the result of the
combination between the assumption of a Gaussian distribution and the method for
obtaining the position of the diffraction pattern.
Figure 5.2.3 shows the calculated defoci for a select number of stars out a total of 201
sources spread over 27 different images. The selection process is based on finding the same
stars in different fields having at least one different M2 piston position. At least three data
points must be found for the same star in order to perform the fit. By using these criteria we
obtain 10 stars spread over various images as is shown in Figure 5.2.3. We group the same
stars together due to the irregularities of the CCD surface, different stars at different
positions on the CCD will have a different calculated axial defocus.
In Figure 5.2.3 we have found the best M2 piston offset to be ranging from 110 to 172
microns, were the average was 151 ± 28 microns. We should note however, that the slopes of
all the fits should be the same for all stars. As the relation between the focus value and a star
on the CCD image should be the same for all stars on that image. The relation between the
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calculated axial defocus and the M2 piston value should be independent on star position and
hence all the fits should have the same slope.
The reason the slopes are not the same is due to the fitting of the Bahtinov diffraction
spikes and uncertainties. The fits seen in Figure 5.2.3 are performed using the uncertainties

(a) Surface plot at M2 piston of 0 microns.

(b) Surface plot at M2 piston of 50 microns.

(c) Surface plot at M2 piston of 100 microns.

(d) Surface plot at M2 piston of 150 microns.

Figure 5.2.4: The surface plots of the CCD at M2 piston values 0, 50, 100 and 150 microns. The results
extracted from these plots are inconclusive as each plot shows a different shape of the surface.
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as weights, however due to the large value for the uncertainties of the data points the
reduced chi-square gives a value for < 0.1 for all fits, resulting in an over fit of the data.
The star HD 53168 has a SNR of 76, some other stars that were used to calculate the axial
defocus are HD 53682 and HD 53528 which have a SNR of 9 and 40 respectively. Figure 5.2.3
does contain sources having a SNR of 4, however, stars having a SNR < 10 are not consistent
with the determination of the axial defocus over several images.
One of the applications of this technique to determine the axial defocus at the CCD plane
was to obtain a surface plot of the CCD. This gives insight on how flat the surface of the CCD
is. However, due to the imprecise determination of the axial defoci. This proved to be
inconclusive at the current stage of the software. In Figure 5.2.4 we show the surface plots
obtained using the axial defoci from Figure 5.2.3. We see that the results are inconclusive.
Each plot shows a distinct difference of the shape of the surface.

5.3 Fourier Transform
Determining the position of the diffraction spikes in the images proved inefficient when using
cross section Lorentzian fitting, using the Hough transform the level of consistency improved.
However, the uncertainty turned out to be a value around 200 microns for every event.
In order to improve this problem, a Fourier transform of the Bahtinov mask was taken to
determine the resulting shape of the diffraction and interference pattern at different piston
values for M2. Using the shape of the diffraction and interference pattern one can fit the
images with much higher precision and consistency, as one would obtain a model of how a
star will look like when being observed via the Bahtinov mask.
By procuring the Fourier transform of the Bahtinov mask one can use the shape to fit the
on-sky data to obtain the axial defocus. The program Maskulator does something exactly
like this, however this only obtains an image of the diffraction pattern and no further data can
be obtained. As the source code of Maskulator is not available, a model has to be created to
recreate the Bahtinov diffraction pattern.
This model has to be able to achieve two things;
1. model the diffraction pattern according to the bandpasses of the MeerLICHT telescope,
2. and model the axial defocus images simulating the piston offset of M2.
The first item is easily solved due to the nature of Fourier transforms as is elaborated in
Section 2.4. One can add the Fourier transform representing different wavelengths together
to simulate the bandpass. This is achieved by setting a reference wavelength as the zero
point, from Table 1.1.1 we see that the lowest wavelength is 340 nanometers. This is the
reference wavelength from which the other wavelengths are based upon. The reference
wavelength is linked to the original image used in the FT, λ0 . By rescaling the size of the
³ ´−1
, where λ is the wavelength one wants to model, one can
image using the factor λλ0
simulate the different diffraction patterns at different wavelengths.
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Figure 5.3.1: The superposition of the individual Bahtinov diffraction pattern per wavelength to
simulate the filters of MeerLICHT in logarithmic scale.
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Having obtained the simulated images in the wavelength regime ranging from 340-990
nanometers in steps of 10 nanometers we can combine the relevant images to mimic the
bandpasses as listed in Table 1.1.1. To increase the ‘apparent resolution’ of the images we pad
extra zeros to the image, this results in more points being sampled in the Fourier transform.
Figure 5.3.1 shows the MeerLICHT filters modeled using the technique described above. The
central dark spot is the zeroed order and the other dark spots are the first order, the apparent
lines are the lower orders of the sinc function magnified by the logarithmic scale.
The next step is to model the axial defocus of the images, which is a step that proved to be
more of a challenge than expected in the time remaining. Here we had to convolve the image
of the filter with an image simulating the axial defocus. To simulate an image out of focus we
started with a Gaussian source in focus and distribute the source in a NxN grid. Knowing the
axial defocus M2 can travel we can calculate the size of the Gaussian source at a defocus
value of a. We then had to redistribute the pixel values over the resized Gaussian source in
such a manner that the Gaussian source would form a doughnut shape source. Due to time

Figure 5.3.2: Example of defocused Gaussian sources by the means of Poppy for the MeerLICHT
telescope. The wavelength used is that of the i-band with a central wavelength of 765 nanometers.
Each image represents an axial defocus value for M2, starting at 0 micron to ±190 microns with
increments of 10 microns.
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restrains and the integration and installation of MeerLICHT itself these steps could not be
performed.
Following the installation of MeerLICHT a different approach was explored using the
Python module Physical Optics Propagation in PYthon or Poppy. This module
simulates physical optical propagation where one can define its own optical system
including stops, masks, lenses onto multiple planes. Unfortunately due to limited time this
step of the model was not implemented.
We were able to obtain some defocused Gaussian sources using Poppy. To obtain those
sources we create an optical system within Poppy using the specifications of MeerLICHTs
optical system. We set the primary mirror at 60 centimeters, the secondary mirror at 26
centimeters and the detector has a pixelscale of 0.56 arcseconds per pixel in a total field of
view set at 400 pixels. Figure 5.3.2 contains the images for axial defocus values of M2 starting
at 0 microns and going to ± 190 microns in 10 microns increments. Note that these are not
the images that are needed for the convolution with the filters in Figure 5.3.1 as the scaling is
not correct. In order to obtain the correct images, one has to use the apparent resolution per
filter model and simulate a real source using the correct dimensions relating to a source on
the CCD. Thereby attaining the correct scaling from CCD pixel size to the apparent pixel size
of the model.
The defocus value for the sources in Figure 5.3.2 is obtained by calculating the number of
wavelengths the defocus value represents per filter central wavelength. Take for example the
central wavelength of filter i , which is 765 nanometers. A defocus of 10 micron in M2
translates to a defocus of 13.07λ. As the wavelength regime is from 380 to 900 nanometers
and the offset for M2 ranges from -200 to 200 microns the defocus in wavelength is quite
large. Resulting in the extremely defocused images on the bottom two rows of Figure 5.3.2
where a typical defocused source is not reconcilable.
This step of the model was not implemented at the moment of writing this thesis.

5.4 A comparison between different Bahtinov masks
The Bahtinov mask in Figure 5.1.1 was used in Nijmegen to determine the focus of the
telescope. However, this Bahtinov mask was manufactured by choosing the number of slits
and widths semi-arbitrary. There was one consideration which is the ease of manufacturing
the mask itself. On the other hand, there was no research done about the different widths of
the slits and the number of slits and the effects on the diffraction pattern.
Detailed in Section 5.2, fitting the Bahtinov diffraction spikes proved to be harder than
anticipated. By making use of the same program Maskulator as in Section 3.2.2 we can
create the diffraction pattern of a mask for a 60cm f/5.5 telescope in perfect focus in the
spectrum range of 440-720 nanometers, the q-band of MeerLICHT, in increments of 40
microns. The diffraction pattern for the MeerLICHT Bahtinov mask in shown in Figure 5.4.1
in perfect focus.
Basic diffraction theory reveals that for a high number of slits the intensity of the orders
become higher and the orders are more distinct and by having a large slit width the intensity
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(a) The model of the Bahtinov mask.

(b) The diffraction pattern.

Figure 5.4.1: (b) presents the Bahtinov diffraction spikes by taking the Fourier transform of (a)
in perfect focus using Maskulator in the wavelength range of 440-720 nanometers, the q-band of
MeerLICHT.

of the pattern can also be manipulated. In Figure 5.4.2b the diffraction pattern is shown for
Figure 5.4.2a simulating the pattern for a 60cm f/5.5 telescope. The slit width for the mask is
10mm and the result are three clear diffraction spikes having a fairly constant intensity level
over the zeroth order. The first order shows less intensity but is still constant over that order.
Figures 5.4.2c and 5.4.2d are for a mask having a slit with of 2mm, we can see that the
intensity is much less over all orders. Having such a Bahtinov mask obtaining the distinct
diffraction pattern displayed in Figures 5.4.2b and 5.4.2d should allow for a more trivial
detection of the diffraction spikes using the Hough transform to determine the axial defocus
for on-sky data.
Figures 5.4.2e and 5.4.2f show the diffraction pattern using a lot of slits having a narrow
slit width of 2mm. The diffraction pattern that emerges shows the zeroth order as a spot in
the center and the first order is an elongated spot. The first order is still very distinguishable
from the intensity between the orders. The same holds true for Figure 5.4.2h, where the
zeroth and first order are closer together due to a slit width of 3mm and having a lesser
amount of slits. The orders in Figures 5.4.2f and 5.4.2h should be easily detectable via
software as astronomers are excellent in searching for spots which can be elongated as well.
Using astronomical software, like SExtractor, the elongation of the spots can determine the
slopes of the fits for the diffraction spikes more precise.
Having a Bahtinov mask such as in Figures 5.4.2e or 5.4.2g should allow for a more
precise method of focus determination, even the mask in Figure 5.4.2a should allow the
Hough transform method to obtain accurate fits. Therefore, the recommendation is to make
one of the mask for the BlackGEM array in case the Bahtinov mask is the way forward to
obtain best focus.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 5.4.2: Diffraction patterns of several Bahtinov masks obtained via Maskulator for the
wavelength range of 440-720 nanometers simulating the q-band of MeerLICHT. (b) is from (a) having
a slit width of 10mm, (d) is from (c) having a slit width of 2mm, (f ) is from (e) having a slit width of 2m
and (h) is from (g) having a slit width of 3mm.
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6

I NTEGRATION AND INSTALLATION OF M EER LICHT

This chapter covers the integration and installation in Nijmegen and Sutherland. The
commissioning in Nijmegen took place on the 30th and 31th of January 2017. MeerLICHT
was temporarily placed inside one of the domes on top of the Huygens building. Here
MeerLICHT was almost fully tested for the first time, only the cable wrap for the right
ascension axis was not ready yet.
On the 6th of July the telescope arrived at the South African Astronomical Observatory
and MeerLICHT could be placed on its final position where the commissioning could start.

6.1 MeerLICHT in Nijmegen
6.1.1 Counter weight and optical telescope assembly

(b) Lifting the counter weight in place.

(a) Lifting the counter weight.

Figure 6.1.1: The counter weight being lifted in to place in the dome on the 30th of January 2017.
On the 30th of January 2017 the counter weight and optical telescope assembly (OTA) were
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lifted in the dome on top of the Huygens building of the Radboud University of Nijmegen. The
commissioning took place in two steps. The first step was to lift the counter weight into the
dome where it was attached to the telescope mount and pier which were already in position.
The counter weight was secured using a gantry crane to prevent the mount from moving
since the entire system is off-balance. The counter weight contains all electronics, where most
of the electronics is being kept cool using water cooling.
The next step was to lift the OTA. The OTA was brought from the mechanical workshop via
the delivery entrance to the side of the Huygens building. This was a slow undertaking since
the OTA already contained the primary mirror. Due to some light rain and protection the OTA
was wrapped in plastic as shown in Figure 6.1.7a. The entire installation of MeerLICHT took
about one and a half hours and the final result is shown in Figure 6.1.7.

(a) Covering the OTA in plastic.

(b) Securing the OTA to the mount.

Figure 6.1.2: The OTA being lifted into the dome on the 30th of January 2017.
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Figure 6.1.3: The counter weight and OTA secured onto the mount on the 30th of January 2017.
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6.1.2 Filter wheel housing, science camera and secondary mirror
The next day, on the 31th of January, the filter wheel housing with filter wheel arrived at
Nijmegen from ASTRON, Dwingeloo. Prior to attaching the filter wheel housing to the back
of the OTA, cables had to be extended in order to be connected to the correct circuit board.
During the modification of the filter wheel housing, all components required to operate
MeerLICHT were being moved to the dome, including the science camera and vacuum
pump. Following the modification of the filter wheel housing we could start on the
commissioning of the final components, the filer wheel housing, science camera and the
secondary mirror.
Prior to the filter wheel housing, a baffle had to be installed on the main support
structure (MSS) that acts as a bridge between the MSS and the filter wheel housing.
The next step was to place the shutter into the filter wheel housing. In order to achieve
this, the hood of the filter wheel housing had to be taken off, exposing the filters. By careful
maneuvering the shutter above the filters and securing it via several bolts the filter wheel
housing was complete.

(a) Baffle between the MSS and the filter wheel.

(b) The filter wheel attached to the MSS.

Figure 6.1.4: The baffle that acts as a bridge between the MSS and the filter wheel and the filter wheel
integrated on MeerLICHT on the 31th of January 2017.
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Subsequent to the filter wheel housing was the attachment of the science camera to the
filter wheel housing. This should have been a trial step, since the science camera is secured
using four bolts and this was already tested at ASTRON. However, there was a new plate
ensuring that air is blown over the window of the CCD. This new aluminium plate did not
match the computer model and therefore the science camera did not fit on the filter wheel
housing. The temporary solution was to remove the aluminum plate. This plate was then
modified before shipment of the telescope to South Africa. After the modification prior to
shipping to Sutherland, it was test fitted again to prevent unwanted surprises at Sutherland.
The final component required to complete MeerLICHT is the secondary mirror (M2). M2
was not attached to the OTA prior to lifting the OTA into the dome because M2 plus the piezo
actuators could not handle more than 4g acceleration and was therefore by hand brought up
into the dome.
In order to attach M2 to the OTA, the OTA had to be placed horizontally. Allowing us to
measure the current that was required to move the telescope, this allowed us to see whether
the entire telescope was balanced. This part was unclear due to previous modifications to
the mount and OTA. First indications showed that the telescope is fairly balanced, this was
tested by rotating the telescope both ways in declination and see if the current required was

Figure 6.1.5: The filter wheel housing and science camera attached to the back of MeerLICHT on the
31th of January 2017.
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much different for the different rotations. Due to the fact this was an initial (by eye) test, no
results were written down.
The integration of M2 went without a problem, first the already attached baffle had to be
removed of the OTA. Next we put the piezo actuators into place, followed by M2 and finally
we attached the baffle again to the OTA.

Figure 6.1.6: MeerLICHT in horizontal position to integrate M2.

(a) Securing the baffle after M2 placement.

(b) The completed MeerLICHT telescope.

Figure 6.1.7: Integration of M2 and the completed MeerLICHT telescope on the 31th of January 2017.
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6.1.3 Problems first nights observing
During the first two nights observing on the 13th and 14th of February 2017 with the full
system we encountered several problems. It turned out that the piezo actuators controlling
M2 are mechanically excited due to vibrations originating from the compressor, preventing
the controllers to stabilize M2 in the tip tilt plane. M2 has constant fluctuations of several
micro-radians in the tip tilt plane but we could adjust the piston of M2. We tried to solve the
problem on the spot by changing the PID control values, but this turned out to be harder
than expected. At Sutherland, this problem was solved via several drops of glue that were
inserted between the carbon fibre spider and the metal housing. Resulting in M2
fluctuations of circa 0.5 micro-radians on one axis and circa 3 micro-radians on the other
axis. The requirements were a maximum fluctuation of 1 micro-radians for the two axes
combined, the glue thus brought one of the axis within the specified requirements. Applying
the glue was not a trivial task, hence for BlackGEM glue pads have been adopted into the
design of the carbon structure to avoid this problem in the future.
Another unexpected problem we encountered was a slice on the CCD image of
unexposed pixels. Initially we thought the shutter was not in the correct position but after we
excluded this as a source of the problem. After excluding several more causes and after a
phone call it turned out the shutter was installed in the wrong orientation. It had to be
turned upside down, the shutter is not symmetrical as a result part of the shutter is in front
the CCD window. The consequence of this problem was that the night of the 13th was cut
short as we could not continue.
The next night we tried again, the compressor was moved to a floor below the telescope
and the fluctuations were significantly lower, around 0.6 µradians. Despite these fluctuations
were constantly present we continued with observations that night. Soon we discovered that
the optics were not as well collimated as we had hoped. When the optics were first put
together at ASTRON the collimation was almost immediately perfect, though this was not
the case at Nijmegen. After about an hour of adjusting and taking pictures to check the
adjustment, the system was collimated to the desired level.
During the night of the 14th , the guide cameras were turned on for the first time and we
checked whether the guide cameras were in focus when the science CCD was in focus. We
initially had some problems getting images of the guide cameras but after several trials and
errors and adjusting the position of the guide camera’s to adjust the focal length, we obtained
in focus images. We took several series of images at 1Hz and 10Hz for later data reduction.
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(a) The primary mirror being unboxed.

(b) Lens barrel being placed.

(c) Carbon structure being positioned.

(d) Carbon structure being positioned.

Figure 6.2.1: (a) shows the primary mirror with the M1 support structure (MSS). (b) shows the lens
barrel in position onto the MSS. (c) and (d) show the carbon structure being positioned over the lens
barrel and M1 to be secured to the whiffle tree.

6.2 MeerLICHT in Sutherland
On the 6st of July the telescope arrived at the South African Astronomical Observatory near
Sutherland. We immediately started offloading the creates from the truck and started to
integrate the telescope to be lifted into the dome the next morning.

6.2.1 Mount, counter weight and optical telescope assembly
The OTA had to be assembled again in the same manner as in Nijmegen. We were given
space in a dome housing a 1.9m telescope, this space is normally used to bring the mirror of
the 1.9m down for re-coating.
First we had to place the lens barrel into position in between the M1 on top of the lens
baffle on the M1 support structure (MSS). The lens barrel was shipped in the same custom
designed case as the filter wheel. The lens barrel is attached onto the lens baffle via eight
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(a) Lifting the pier.

(b) Placing the pier.

(c) Lifting the mount.

(d) Placing the mount.

Figure 6.2.2: (a) shows the pier of the telescope being lifted into the dome. (b) shows the pier begin
placing on top of the baseplate. (c) shows lifting the mount into the dome and (d) shows attaching the
mount to the pier.

M6x16 screws. After this step it was the simple matter of lifting up the carbon structure (CS)
which is then placed over M1 and the lens barrel to be installed on the whiffle three, which is
then secured using three M10x30 screws with a large shim on each side. The steps are
captured in Figure 6.2.1b
In the mean time Jeroen Michiels and Floris Hahn were preparing the concrete block
where the telescope would be mounted onto. The base plate for the telescope could be
placed before the crane arrived to lift the telescope into the dome. In order to achieve this
some holes had to be drilled into the concrete.
On the 7th of July the crane arrived on schedule at 10:00 and we started the day by lifting
the telescope into the dome piece by piece. The order of the lifting was no different
compared to the lifting in Nijmegen. We started with the pier of the telescope which is
attached to the base plate, as seen in Figures 6.2.2a and 6.2.2b. The next piece is the mount
of the telescope housing the motors for the declination and hour angle axes. The mount is
placed onto the pier facing south where the pier is pointing towards north, see Figure 6.2.2d.
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(a) Lifting the counter weight.

(b) Attaching the counter weight.

(c) Lifting the OTA.

(d) Securing the OTA.

Figure 6.2.3: (a) and (c) show the lifting the counter weight and OTA up into the dome. (b) and (d)
show the attachment of the counter weight to the axis and the OTA being secured on the mounting
block on the mount.
Following the installment of the pier and the mount, the counter weight is taken up by
the crane to be attached to the axis going through the mount, see Figures 6.2.3a and 6.2.3b.
The counter weight had to be secured by a pulley that was attached to the inside of the
dome. This needs to be done in order to keep the balance of the entire telescope as the OTA
is not mounted yet. Even though the mount itself was physically prevented to move, we
wanted to secure the counter weight itself as well. During this operation the OTA was being
moved from the integration room in the 1.9m dome to our dome. Afterwards, the OTA was
released from the trolley and lifted into the dome to be secured to the mounting block on the
mount as seen in Figure 6.2.3c and 6.2.3d.

6.2.2 Filter wheel housing, secondary mirror and science camera
Following the installment of the pier, mount, counter weight and OTA, the filter wheel
housing could be attached to the back of the MSS. As MeerLICHT is on top of a one meter
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(a) Inserting shutter.

(b) Preparing M2 stage.

(c) Overall image.

(d) Cable wrap.

Figure 6.2.4: (a) shows the installment of the shutter in the filter wheel housing. (b) attaching the
piezo stage to the M2 mounting structure. (c) and (d) show overall picture of the telescope and cable
wrap.

high concrete block we used a scaffolding for easy mounting access. Before the filter wheel
housing could be installed, a baffle had to be attached to the MSS that acts as a pass through
for the light from the MSS to the filter wheel housing. The filter wheel housing was held up
by three people were a fourth person secured it with three bolts to the MSS.
Similar as had to be done in Nijmegen, the shutter had to be installed inside the filter
wheel housing. This operation required the hood of the filter wheel housing to be taken off to
expose the filters for, hopefully, one last time. By carefully guiding the shutter above the
filters we were able to secure the shutter with motor to the filter wheel housing, see
Figure 6.2.4a.
The secondary mirror (M2) and the science camera were not installed after the
completion of the filter wheel housing. This was due to a defect in the science camera where
three of the 16 readout strips were broken. As a result, the science camera had to be shipped
back to Semiconductor Technology Associates, Inc (STA)in the United States. Unfortunately,
the CCD chip could not be fixed, however, STA had a spare STA1600 chip ready. This chip
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first had to be tested in order to prove that the new chip met the criteria for MeerLICHT. The
plan was for the optical designer, Rik ter Horst, to come to Sutherland when the CCD arrived
to install M2 and the CCD. However, the testing the of the new chip took longer than
expected and therefore the decision was made that M2 should be installed sooner in order to
not lose too much time during commissioning. Even without the CCD we could test the
guide cameras, tracking and control software. The excitation of M2 due to the compressor
was still present and in order to solve this we tried to place some glue between the piezo
stage and the aluminum attachment plate. Though some improvements were visible, the
fluctuation were still not to the acceptable level as they are still of the order of and further
solutions are explored.
Figures 6.2.4c and 6.2.4d show the cable wraps for the declination and hour angle axis
after routing all the cable through. These cable wraps make sure that the cable originating
from the telescope and counter weight do not get tangled up. The installation of the cable
wraps took about three days to complete. The cables emerging from the cable wraps are
guided via a hole in the ground to the server room underneath the dome.
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CHAPTER

7

D ISCUSSION

Chapter 5 details the possibilities of the Bahtinov mask and the created software. As the
software is not perfect nor complete, the Bahtinov mask is proven to be a viable option to
focus a telescope which cannot focus using the conventional methods such as the point
spread function as discussed in Chapter 3.2.
The software created to analyse the images is rudimentary, the consistency of the data
analysis is spotty and the uncertainties obtained using the Hough Transform technique are
too large to be realistic. The Hough Transform in combination with the Canny edge detection
technique could be improved using a Bahtinov mask as is shown in Figure 5.4.2a or 5.4.2c
as the technique should obtain lines with more consistency. The software using the Hough
Transform itself was exploited to the fullest extent where the parameters were tweaked to
attain the best possible result.
To further increase the efficiency of the software, one could consider using calibrated
images to perform the data analysis on. The data analysis of this work is only implemented
on raw images with no further data reduction. Clear images could result in more consistent
and precise focus determination.
Even thought the software is not optimal, we were able to determine the axial defocus to
some extent. The best M2 offset varies over the entire CCD plane and thus one has to take
the average of all calculated values. We attained an overall defocus of 151 ± 28 microns. One
improvement that has not been implemented here is to use weights when taking the average
over the CCD plane, as some sources will be brighter and more reliable than others.
The Bahtinov model detailed in Chapter 5.3 using the Fourier transform could not be
fully implemented. The model currently only contains the filters of MeerLICHT in perfect
focus at the CCD plane, these filters can be seen in Figure 5.3.1. The out of focus modeling is
unfortunately not included. An example of some defocused Gaussian sources can be seen in
Figure 5.3.2, however, these images are not suitable for the convolution as they are not in the
correct scale.
In Section 5.4 a recommendation was made to use a different Bahtinov mask by examining
different grids and slit sizes. Having a mask with many small slits results into a diffraction
pattern that could be analysed by standard astronomical software such as SExtractor where
a mask with a single larger slit could be analysed by the software using the Hough transform.
Another reason the Bahtinov model was not completed is due to time invested in
assisting with the integration and installation of the MeerLICHT telescope in Nijmegen and
at the Sutherland observatory.
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