
MASARYKOVA UNIVERZITA
Přírodovědecká fakulta

Ústav teoretické fyziky a astrofyziky

Bakalářská práce

Brno 2023 Daniel Pitoňák





P°írodov¥decká fakulta
Ústav teoretické fyziky a astrofyziky

OES spektrograf a jeho
potenciál pro p°esná
m¥°ení radiálních rychlostí
Bakalá°ská práce

Daniel Pito¬ák

Vedoucí práce: Dr. Petr Kabáth Brno 2023





Bibliogra�cký záznam

Autor: Daniel Pito�nák
P�rírodov�edecká fakulta, Masarykova univerzita
Ústav teoretické fyziky a astrofyziky

Název práce: OES spektrograf a jeho potenciál pro p�resná m�e�rení radiálních
rychlostí

Studijní program: B-FYZ Fyzika

Studijní obor: ASTRO Astrofyzika

Vedoucí práce: Dr. Petr Kabáth

Konzultant: Raine Karjalainen, Ph.D

Akademický rok: 2022/2023

Po�cet stran: xiii + 53

Klí �cová slova: OES; IRAF; Perk	uv dalekohled; Echelletová spektroskopie,
Radiální rychlost hv�ezdy, Pom�er signál/šum





Bibliographic Entry

Author: Daniel Pito�nák
Faculty of Science, Masaryk University
Department of Theoretical Physics and Astrophysics

Title of Thesis: The performance and the stability of the OES spectrograph

Degree Programme: B-FYZ Physics

Field of Study: ASTRO Astrophysics

Supervisor: Dr. Petr Kabáth

Consultant: Raine Karjalainen, Ph.D

Academic Year: 2022/2023

Number of Pages: xiii + 53

Keywords: OES; IRAF; Perek telescope; Echelle spectroscopy, Star radial
velocity, Signal-to-noise ratio





Abstrakt

V této bakalá�rské práci se v�enujeme efektivit�e Ond�rejovského Echelletového Spek-
trografu (OES) na Perkov�e dalekohledu. Roku 2019 zde prob�ehla rekonstrukce optické
cesty. P	uvodní systém zrcadel byl nahrazen novým optickým vláknem. Je nezbytné ur�cit,
jak velký vliv m�ela tato modernizace na kvalitu pozorování z hlediska propustnosti a spek-
troskopického výkonu. Tato práce si klade za cíl porovnat spektroskopická data získaná
p�red a po rekonstrukci. Data získaná prost�rednictvím OES byla zpracována programem
IRAF. Porovnány byly hodnoty radiálních rychlostí vybraných hv�ezdných standard	u a
dále hodnoty pom�eru signálu a šumu. Tato práce shrne výkon nov�e rekonstruovaného
dalekohledu a m	u�e být vyu�ita jako manuál k pozorování (výpo�cet pot�rebného expoz-
i �cního �casu prost�rednictvím ETC kalkulátoru) nebo jako podpora SW nástroj	u pro po-
zorovatele. Práce vznikla v rámci projektu LTT-20015 (MŠMT).

Abstract

In this bachelor thesis I will present the ef�ciency of Ond�rejov Echelle Spectrograph
(OES) instrument at Perek telescope in Ond�rejov. In 2019, the telescope's optical path
was refurbished. The system of mirrors was replaced by new optical �bre. It is neces-
sary to determine what effect this improvement had on the quality of the observations in
terms of throughput and spectroscopic performance. The main goal of this bachelor thesis
is comparison of the spectroscopic data obtained before and after the upgrade. Data col-
lected by OES were processed by IRAF. For the comparison, I used radial velocity data
of selected standard stars and values of signal to noise ratio. The thesis will summarize
the performance of the newly refurbished telescope. Furthermore, this work can be also
used as an observing manual with a new �ber mode (calculating of needed exposure time
through ETC calculator) and eventually on SW tools to support the observer. Thesis was
created as part of the project LTT-20015 (MŠMT).
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Introduction

The Perek telescope, located in Ond�rejov near Prague, is the biggest telescope which
works in the Czech Republic. It is also the biggest telescope that was ever constructed
on the territory of the former Czechoslovakia. Nowadays, the telescope is used by the
Department of Stellar Physics of the Astronomical Institute of the Czech Academy of
Sciences for exoplanetary research. Work is focused especially on the con�rmation of
the exoplanetary candidates. In 2019, the telescope's optical path was refurbished. Until
2019, caught light was guided by a system of mirrors. This system was newly replaced by
�bre optics.

How did the telescope's ef�ciency change after this upgrade? Has it increased or
is it still as similar as it was before the upgrade? How does the ef�ciency of different
wavelengths differ from each other? This thesis will try to answer these questions.

In the �rst chapter, I will describe the theory hidden behind the measurement of radial
velocities which is the main scienti�c task of the Ond�rejov Echelle Spectrograph instru-
ment. In this paper, I measure the ef�ciency of the telescope in two ways: radial velocity
and signal-to-noise. Both will be described in the �rst chapter. Secondly, I will continue
with the description of the instruments. Information about the Perek telescope, Ond�rejov
Echelle Spectrograph, or improvement which was done in 2019 will be discussed in the
second chapter. The third chapter describes the targets, selected observations and data
processing. Here we will look at how data were chosen and how were data processed. The
next chapter describes the results of data processing. Our goal is to compare the measured
radial velocities of the standard star and the calculated signal-to-noise ratios. This part
includes an exposure time calculator which can be used by observers for increasing the
ef�ciency of their observations. The last part will conclude the whole work.

– 1 –





Chapter 1

Measurement methods

Our task is to �nd out how was the telescope's ability to measure the needed parameters
of the observed stars changed after the improvement of its optical path. For this reason,
we selected two ways to describe any changes. The �rst one uses the measuring radial
velocities. We expect decreasing in the variance of results. The second way follows the
signal-to-noise ratio. This value should increase after improvement. We will observe these
quantities and watch how did upgrade affect them.

First of all, we have to describe all physical phenomena related to our work and de�ne
physical quantities which we will measure and compare.

1.1 Star's radial velocity

As everybody knows, stars are not motionless objects of the night sky. After long obser-
vations, we can notice stars are slowly changing their positions in view of the surrounding
starry background. As you can see in Figure 1.1, the direction of the star's motion in space
can be spread in two directions: transverse velocity and radial velocity.

Figure 1.1: Diagram of star's motion - Distanced separates our Solar system and observed
star. The star is moving at speedv. Transverse velocity is observable from Earth by
proper motionmon the night sky. Radial velocityvR has an effect on distance. Inspired
by Wikipedia picture.

Transverse velocity is responsible for the proper motion of the star. This motion can be
observed in the night sky usually after a long time. The observed star is simply changing

– 3 –



4 Chapter 1. Measurement methods

its position in view of surrounding stars. The highest value of the proper motion was
measured at the very known Barnard's Star, located in the constellation of Ophiuchus.
This value is 10:4 arcseconds per year (Gaia Collaboration et al., 2022).

On the other hand, radial velocity is responsible for changes in the distance between
the observed object and our Sun. That means this part of the star's motion is not visually
noticeable by changing the star's position in the night sky. The way to observe and then
measure radial velocity is hidden in the light travelling from the observed object.

1.1.1 Spectroscopy

For now, we have to go back to the start of the light's journey – directly to the observed
star. Light is somehow affected by the stellar atmosphere where it starts its journey. Spec-
troscopy which is describing this physical phenomenon began to be discovered more than
300 years ago.

The beginnings of spectroscopy started in 1648 with a physical description of the prin-
ciple of a rainbow by Bohemian doctor and scientist Jan Marek Marci. He con�rmed his
theory about the refraction of beams by experimenting with the dispersion of light on the
prism. However, Jan Marek Marci was not the only one who did experiments with the
refraction of light at the same time. Similar experiments were done by Athanasius Kircher
(1646), Robert Boyle (1664), and Francesco Maria Grimaldi (1665), but today the most
famous is Sir Isaac Newton (Burgess, 1987). He observed the dispersion of light in 1666
and after a few years later he united dispersed light back into the white beam (MIT Spec-
troscopy). Moreover, he remarked that the more monochromatic light he refracted, the
lower intensity this light has (Ball, 1908).

In 1800, William Herschel discovered infrared radiation through his experiment with
a glass prism and thermometer. Until this discovery, nobody knew about invisible parts
of the light spectrum (Williams, 2002). The ultraviolet part was �rst observed by Johann
Wilhelm Ritter one year after Herschel's discovery, in 1801. He used a silver chloride-
soaked paper in the blue end of the visible spectrum and found out that violet visible light
is not darkening paper as much as it darkened the area behind the visible part (Hockberger,
2002).

In 1802, William Hyde Wollaston observed dark lines in the spectrum of the Sun's
light and believed that these dark lines represent boundaries between colours (Wollaston,
1802). This explanation was dispelled by Joseph von Fraunhofer (OpenStax Astronomy,
2016). In 1814, he started systematically writing down all visible dark lines in the Sun's
spectrum. He was the �rst one who used a diffraction grating in his work with refraction
light (Brand, 1995). Throughout his life, he catalogued over 570 spectral lines which were
named after Fraunhofer (Fraunhofer, 1815). In Figure 1.2, you can see the most obvious
Fraunhofer lines.

It was known for a long time that chemical substances affect light. For example, al-
ready in the 17th century was known that distinct colours will appear after adding salts
to alcohol �ames (Talbot, 1826). In 1849, J. B. L. Foucault described that absorption
and emission lines of the same chemical element can be found at the same wavelength.
The only difference between these two situations is in the temperature of the light source
(Brand, 1995). The same idea was independently predicted by A. J. Ångström, but 4 years



Chapter 1. Measurement methods 5

Figure 1.2: Fraunhofer lines in the visible light spectrum - The most obvious Fraunhofer
lines are marked with printing letters. Some of them are very common, e. g. C line is
notorious Ha or D lines are sodium doublet. Credit: website of Columbia Edu

after Foucault, in 1853 (Ångström, 1853). The speci�c relation between a source of light
and its spectral lines was de�ned by Robert Bunsen and Gustav Kirchhoff during the
1860s. They identi�ed Fraunhofer lines in the spectrum of light emitted by laboratory
source (Bunsen & Kirchhoff, 1861). During their work, they laid the foundations of an-
alytical spectroscopy and with its help discovered two new chemical elements - caesium
and rubidium (Weeks, 1956). The differences between emission and absorption spectral
lines are characterized by three laws of spectroscopy:

We are now can summarize the formation of spectra with three rules known
as Kirchhoff 's laws, from Gustav Kirchhoff (1824-1887): see Figure 2.5.

1. An incandescent solid or opaque gas under high pressure will produce a
continuous spectrum.

2. A low-density gas will radiate an emission-line spectrum (with an under-
lying emission continuum).

3. Continuous radiation viewed through a low-density gas will produce
an absorption-line spectrum (with an associated absorption continuum).
And the absorptions will be inverses of the emissions.

(James B. Kaler, Stars and their spectra, 2011)

The �gure reference included in the quote is valid of course only in the book itself.
Figure illustrating these three situations is numbered 1.3 in this work.

Discoveries of other parts of the electromagnetic spectrum followed. Wilhelm Conrad
Roentgen uncovered X-rays as part of the electromagnetic spectrum in 1895 and one year
later Antoine Henri Becquerel continued with the detection of radioactivity (Novelline,
1987; Berkeley Lab, 2000).

In the 20th century, it opened a completely new perspective on some physical prob-
lems. For example, the photoelectric effect was �rst observed by Heinrich Hertz in 1887
(Hertz, 1887). The explanation of this phenomenon came from Einstein in 1905 when he
published his work with a prediction of light being composed of numerous parts - today
known as photons. Each photon is the carrier of a certain part of an energy - quantum
(Einstein, 1905). This idea was con�rmed in 1919 by the same physical phenomenon.
Experiments with the photoelectric effect were realized by Robert Millikan and Einstein
was awarded the Nobel Prize in 1921 (Millikan, 1914; Nobelpreize.org, 1921).
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Figure 1.3: Diagram of Kirchhoff laws - Inspired by Palma.

One of the biggest steps in the �eld of spectroscopy was publishing the Bohr model of
the atom in 1913. This model assumes a massive atomic nucleus of protons and neutrons
and an electron shell composed of electron orbits. Each orbit is speci�c by its energy
which describes Equation 1.1 where we can �nd massm and chargee of an electron,
vacuum permittivitye0, reduced Planck constant} and a quantum number of equivalent
energy leveln (Bohr, 1913).

En = �
me4

2(4pe0)2} 2 �
1
n2 (1.1)

Electrons can "travel" between these levels depending on the energy of absorbed or
emitted photons. This model allows us to describe the creation of hydrogen spectral lines
and their series (most known are the Lyman, the Balmer, and the Paschen series). If a
photon is to interact with the electron shell, it must have a precise dose of energyEp that
corresponds with the energy difference between two arbitrary energy levels, as you can
see in Equations 1.2 and 1.3. In this case, we assume orbitsmandn wherem> n.

Ep = Em � En (1.2)

Ep =
me4

2(4pe0)2} 2

�
1
n2 �

1
m2

�
(1.3)

Photon can be absorbed only in this case and electrons will get to a higher energy level.
The process can also be reversed. However, the emitted photon will have an energy that
again corresponds to the difference in energy levels between which the electron moved.
Both situations (photon absorption and emissions) are depicted in Figure 1.4. Each atom
has unique series of electron orbits and thus also a series of spectral lines. This is why
spectral lines are something like �ngerprints of the chemical elements. Light carries a
large amount of information about the content of a star's atmosphere. It is clear from
practice that if we will examine star's spectra, we will not usually �nd most of the spectral
lines on their known positions. The shift between the observed spectral line wavelength
and the laboratory-measured value of the wavelength of the same spectral line is connected
with the motion of the observed star. This in�uence of movement on emitted waves is
known as the Doppler effect.
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Figure 1.4: Diagram of Bohr model of the atom - Inspired by Wikipedia picture.

1.1.2 Doppler effect

All of us know that sound. The sound of a passing car, ambulance, train, etc. However,
the sound is an inappropriate word for this physical phenomenon. A better description is
sound's change because we can really hear changes in the tone depending on the direc-
tion and velocity of the sound's source. The �rst one who discovered this phenomenon
and after whom is this phenomenon named was Christian Doppler. He predicted this phe-
nomenon in 1842 after his work on binary stars (Eden, 1992). Buys Ballot, today more
known for his work in the �eld of meteorology, refused to believe the validity of Doppler's
theory. Therefore he arranged an experiment with a moving train and a group of musicians
on its board in 1845. The experiment did not show the expected result. The tone was
higher during the train's arrival and after passing tone decreased under the emitted one.
This con�rmed Doppler's theory (Utrecht University, 2023). After 3 years, in 1848, the
same phenomenon was discovered for electromagnetic waves by French physicist Hip-
polyte Fizeau (Houdas, 1991). Nowadays, we can �nd many applications of the Doppler
effect. For example, measuring the velocity of cars by police, describing blood �ow in
medicine - Doppler ultrasonography, in �uid �ow measurement by laser, in the cosmos for
communication with very fast satellites, and last but not least in astronomy (Wikipedia,
2023).
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Doppler effect can be generally described by Equation 1.4. This equation includes not
only the motion of the source but also the motion of the observer (detector).

f =
�

v+ vD

v+ vS

�
f0 (1.4)

All needed physical quantities are listed in Table 1.1.

Symbol Physical quantity
f observed frequency
f0 emitted frequency
v velocity of wave propagation

vD detector velocity
vS source velocity

Table 1.1: De�nition of physical quantities in the Equation 1.4

In this equation, it is necessary to follow generally accepted velocity direction notation.
The positive velocity of the observed source+ vS is understood as motion away from the
detector. Waves are getting longer than emitted ones and thus redshift is created. On the
contrary, the source's negative velocity� vS is measured if the source is getting closer to
the detector. Observed waves are shorter than emitted ones. This is known as blueshift.
Notation is depicted in Figure 1.5.

Figure 1.5: Motion of the observed star and its in�uence on emitted wave

Equation 1.4 is for our purpose very general. We can modify the equation for measur-
ing a star's radial velocity. We are interested in the motion of the observed star relative
to us. That means we can consider the detector (the Solar system) as motionlessvS = 0.
Then the velocity of the source (star) is radial velocityvR. Also, we know the velocity
of the wave propagation in the vacuum, it is the speed of lightc. Now, we can rewrite
Equation 1.4 and the result is Equation 1.5.

f =
c

c+ vR
f0 (1.5)
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Electromagnetic waves can be described by two physical quantities: wavelengthl or
frequencyf . Both are equivalent so it does not matter which one is used. Spectrograph
creates an electromagnetic spectrum as a line. It is more intuitive to work with wavelength.
Therefore, we have to use relation 1.6 between frequency and wavelength. Further, we
can observe on the one-line spectrum that spectral lines are shifted by the Doppler effect.
This shift is de�ned as the difference 1.7 between observed wavelengthl and emitted
wavelengthl 0. In combination with Equation 1.5 and after several equation adjustments
we can get relation 1.8 for radial velocityvR.

f =
c
l

(1.6) Dl = l � l 0 (1.7)

vR =
Dl
l 0

c (1.8)

Telescope's upgrade should affect the difference in the measured star's radial velocities
values. This method will compare velocities measured before and after the telescope's
improvement.

1.2 Signal-to-noise ratio

The signal-to-noise ratio is a dimensionless quantity describing the quality of electromag-
netic wave observation. In Figure 1.6 we can see the noise is a random undesirable signal,
which is unfortunately unavoidable. Noise can be caused in many ways mentioned below.
A stable signal can be in the plot illustrated as a high peak and SNR describes how dom-
inant and recognizable is this peak. SNR can be simply characterized as a proportion of
signal powerPS to the power of noisePN, as you can see in Equation 1.9.

SNR=
PS

PN
(1.9)

Equation 1.9 is describing the quality of whatever signal: acoustic, radio, or optical.
However, this equation is for our use very general so we will use the relation between SNR
and exposure time of the image. According to Massey & Jacoby (1992), this relation can
be written in the form 1.10.

SNR=
N � t

p
N � t + S� p� t + p� R2

(1.10)

There are several quantities:N is a count rate from the star andt is exposure time.
The denominator of the fraction includes three parts such as a photon noise of the star, a
photon noise of the sky, and a read-noise of the device. The photon noise is de�ned by
the count rateN and exposure timet. The photon noise of the sky includes count rate per
pixel S, number of used pixels in measured aperturen, and again exposure timet. The last
term of the equation describes the read-noise of the device which additionally contains the
read-noise per pixelR.
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Figure 1.6: Diagram of an observed signal and noise - Inspired by Shimadzu Corporation.

If we assume that the signal can be described by Gaussian distribution then it is pos-
sible to calculate SNR from statistical parameters of the Gaussian peak. This relation is
shown in Equation 1.11.

SNR=
p

1:06� (Counts� Bias) � FWHM� Gain (1.11)

The relation includes a number of overall measured counts of the signalCounts, value
of the backgroundBias, full width at half maximumFWHM, and set gain of the CCD
chipGain.

According to Gustafsson (1992), knowledge of SNR and spectrograph characteristic
parameters enable the calculation of theoretical uncertainty of RV measurement. This
relation is described in Equation 1.12.

sRV = C� (SNR)� 1 � Dl � 0:5 � R� 1:5 (1.12)

It occurs in this equation instrument speci�c constantC, signal-to-noise ratioSNR,
observed wavelength rangeDl , and resolving powerR.



Chapter 2

Instruments description

2.1 The Perek telescope

The Perek telescope is a re�ecting telescope located in the observatory area of the Astro-
nomical Institute of The Czech Academy of Sciences in Ond�rejov near Prague. The tele-
scope is with its 2 meters diameter large parabolic primary mirror today the biggest optical
instrument in the Czech Republic. Since 2012, it has been named after Luboš Perek (1919-
2020) who participated in the telescope's establishment (Trnka, 2012). Nowadays, this
facility is available for researchers from all Czech institutions, especially students from
the Faculty of Mathematics and Physics of Charles University in Prague and from the Fac-
ulty of Science of Masaryk University in Brno. Telescope is equipped with a single-order
spectrograph and echelle spectrograph (known as Ond�rejov Echelle Spectrograph - OES).
The whole facility is hidden under a large dome with a diameter of 21 meters (website of
the Stellar department, 2023).

Figure 2.1: The Perek telescope - Credit: website of the Stellar department

– 11 –
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2.1.1 Location and conditions

The location of the telescope is about 30 kilometres southeast of Prague. The area of the
Astronomical Institute is spread in the north part of the Ond�rejov, a village with 1 800
inhabitants (Wikipedia - Ond�rejov, 2023). Telescope itself is located in the northern part
of the observatory, approximately 600 meters away from the observatory's historical part.
It stands on the slope of Pecný hill at an altitude of 528 meters above sea level (website
Parameters of the Perek telescope, 2023). We can �nd there several buildings of the as-
tronomical observatory, one optical telescope with a diameter of 65 centimetres, one sun
radiotelescope with a diameter of 10 meters, and on the top of Pecný hill (545 meters above
sea level) is located geodetic observatory of The Research Institute of Geodesy, Topogra-
phy and Cartography (Wikipedia - Pecný, 2023). By the driveway, there are temporarily
located two Cherenkov telescopes in test mode before their journey to Chile. Climate and
landscape are typical for central Europe. The closest surroundings are forested. According
to Kabáth et al. (2020), observation by the Perek telescope is possible only if the Sun is
12° below the horizon. Times of sunsets and sunrises depend on the season. In December
2015 were 372 observable hours, on the other hand in June 2015 was observation possible
only during 84 hours. However, the real number of observed hours is strongly affected by
weather. Statistically speaking, conditions for observing are bad during the winter period
due to high humidity and low-level clouds. The proportion of observed hours to all ob-
servable hours is higher in the summer, around 30 and 40 % from March to September.
Between October and February, it is only a few percent. Useful data can be collected dur-
ing 25-30 % of all available observing time of the whole year. Ordinary seeing in Ond�rejov
is from 200to 300, but excellent conditions provide seeing 1:500.

2.1.2 History of the telescope

Building of the telescope's facility started in 1963 and the telescope was commissioned in
1967 on the occasion of the 13th congress of the International Astronomical Union. Tele-
scope itself was constructed by Carl Zeiss Jena as a twin telescope of the Alfred Jensch
telescope in Tautenburg (near Jena) in Germany. Moreover, this company has made very
similar facilities in Shamakhy (Azerbaijan), Rozhen (Bulgaria), and in Terskol (Russia).
However, the telescope in Ond�rejov was designed to be universal. All three foci (primary,
Cassegrein, and Coudé) were equipped with spectrographs. Only primary and Cassegrain
foci had cameras for direct photography. All these instruments were recorded on photo-
graphic glass plates. The size of glass plates used with cameras for direct photographing
was 59� 59. Parameters of plates used with spectrographs are mentioned in Table 2.1.
This combination of devices allowed observing objects with different brightness. Less
bright objects were projected in primary focus and very bright objects were projected in
Coudé focus (Šlechta, 2020).

Over the years the facility was modernized. In the 80s the control system was changed.
The original one was changed to one developed by the Hungarian company VILATI. Be-
tween the years 1996 and 1998, a new system by Science Systems company was installed.
In 2006 was improved the control electronics of the telescope and in 2009 was changed
the control electronics of spectrographs. Both were made by ProjectSoft HK. Recording
media has changed over the years. The �rst electronic detector Reticon was borrowed
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Primary focus Cassegrein focus Coudé focus

12:5� 60
19:5� 126

9� 120
Size [mm] 11� 50 13:3� 226

18:5� 385
Resolution [Å=mm] 33–400 10–75 4:3–34:4

Table 2.1: Table of the glass plates sizes and their resolutions - Credit: Šlechta (2020)

from The Lick Observatory and installed in 1992. Only since 1997, CCD chips cooled
by liquid nitrogen have been permanently used. A new echelle spectrograph was built in
2004. It is described in the following part of this chapter (Šlechta, 2020).

2.2 Ond�rejov Echelle Spectrograph

An echelle spectrograph is one construction type of spectrograph. The common spectro-
graph contains prism or diffraction grating which creates a long one-line spectrum from
the observed star. This spectrum allows us to measure the equivalent width of spectral
lines such as H or He lines of hot stars. This value is necessary for �nding out the phys-
ical properties of the observed star. On the other hand, the echelle spectrograph contains
echelle grating which creates parallel parts of the original spectrum. The �nal image re-
sembles the ladder. That is why it is called "echelle spectrograph" because "echelle" means
in French "ladder". Spectrum is more accurate and usually is used for measuring a star's
RV (Šlechta, 2020).

OES is located on the ground �oor of the telescope's building in temperature stabi-
lized Coudé room. The optical path from the telescope leads to the Coudé room. The
arrangement of the spectrograph is captured in Figure 2.2.

Figure 2.2: Scheme of the OES - Credit: website about OES
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Light is coming from the slit (A) which is responsible for image sharpness and shield-
ing off-axis beams (Miroslav Šlechta, 2023). From the slit, the light continues to the
collimator (B). The next part is echelle grating (C - Figure 2.3). From there, light is di-
rected to the white pupil section which narrows the light beam. This section contains the
�rst parabolic mirror (D), the plane mirror (E), and the second parabolic mirror (F). Before
recording light beam is dispersed by the glass prism (G) and separated orders are shown
in the CCD camera (H) cooled by Dewar. The chip is cooled to the temperature around
� 110 °C. Technical details are listed in Tables 2.2 and 2.3. More detailed information can
be found in Koubský et al. (2004) and on website about OES (2023).

Label Component Focal ratio Focal length [mm]
B collimator f/32 4637
D �rst parabolic mirror f/3.6 1628
E �at mirror - -
F secondary parabolic mirror f/3.1 1086

Table 2.2: Speci�cations of mirrors used in OES - Credit: Koubský et al. (2004)

Label Component Notes Model
A slit width 0:6 mm -

157� 412 mm
Richardson Grating
Laboratories

C echelle grating grating 54:5 g=mm
blaze angleq = 69°

G prism

114� 118� 140 mm
Walter, Faculty of
Mathematics and Physics,
Charles University in Prague

diffraction angle 54:5°
material Schott LF5
density 3:25 g=m3

H camera lens f/1.8, f = 200 mm CANON EF 200
chip EEV 42-40-1-368

VersArray 2048B, Roper
Scienti�c

- CCD camera resolution 2048� 2048
pixel size 13:5 µm

Table 2.3: Speci�cations of other components used in OES - Credits: website about OES
(2023); Koubský et al. (2004)

According to Kabáth et al. (2020), OES was able to create an image of aVmag = 10
star with an SNR of around 20 and aVmag= 12:5 star with an SNR around 7. Both SNR
values were assumed for the image of exposure time of 3600 seconds. RV uncertainty for
aVmag= 9:5 star was moving between 200 and 300 m=s. A spectrum of aVmag= 12:6 star
in visible had SNR 7 after 1:5 hours exposure time. The lowest brightness of observable
stars wasVmag = 13. All of these parameters were valid for OES in the period before
improvement in 2019.
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Figure 2.3: The echelle grating used in the OES - Credit: Miroslav Šlechta

2.3 Modernization in 2019

All of the previous telescope's improvements extended its options for observing. None of
them changed the optical con�guration of the telescope. The entire project of moderniza-
tion was discussed for more than 4 years. The discussion involved experts from the �eld
of �bre spectrographs, from ESO in Garching, from Laboratorio Nacional de Astro�sica
in Brasil, and from Ponti�cia Universidad Católica de Chile (Šlechta, 2020).

Until the modernization of the telescope's optical system, it contained 6 optical sur-
faces: primary, secondary, and tertiary mirrors, two other mirrors in the optical path, and
one glass plate. Scheme of the positions of the mirrors excluding glass plate and the last
mirror you can see on the left side of Figure 2.4. The glass plate was used for the me-
chanical separation of the upper and ground �oors. Without it, air would �ow through the
optical path and thereby affect the quality of observations (Miroslav Šlechta, 2023).

Every re�ection costs a certain amount of light. This amount is increasing over time
due to decreasing of the mirror's ef�ciency by oxidation. Not to mention impurities on
the mirror surface. Theoretically, if each mirror has an ef�ciency of 80 %, the overall
ef�ciency of the entire optical system is approximately 26:2 %. That is because the facil-
ity's ef�ciency declines exponentially depending on the number of optical surfaces. The
situation is more dramatic if we consider mirrors of spectrograph (Šlechta, 2020). We
know from the previous subsection about OES that the spectrograph is composed of four
mirrors, one echelle grating, one prism, and one objective, overall seven optical parts. The
system of telescope and spectrograph together contains 13 optical parts. Let's assume that
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Figure 2.4: The Perek telescope before reconstruction (on the left side) and after that (on
the right side) - Credit: Miroslav Šlechta (2023)

the ef�ciency of each part is again 80 %. In that case, the estimated ef�ciency of the entire
system would be 5:5 % (Kabáth et al., 2020).

The modernization was done by the company TopTec Turnov, which is part of the
Institute of plasma physics of the Czech Academy of Sciences, during the years 2018
and 2019. Construction work and adjustment of the optical parts took most of the time.
Observations with the Perek telescope were interrupted in August 2019.

Firstly, the original secondary and tertiary mirrors and their holder constructions in
the telescope's tube were removed. In Figure 2.5 you can see the primary mirror and
tertiary mirror with a holder system. The secondary mirror is captured in Figure 2.6. Then
there was placed new holder construction in the primary focus. This con�guration was
roughly balanced because the weight difference was around half of one ton. After that,
the installation of the new system and laying of the cables followed. The last step was to
accurately balance the telescope (Šlechta, 2020).

The primary focus is not only the beginning of the optical path. A newly located
photometric camera G2-1000BI made by Moravian Instruments with resolution 1056�
1027 and pixel size 13� 13 µm is placed there. The �nal parameters of the con�guration
are focal lengthf = 7m and focal ratiof =3:5. This device allows one to make a photo of
the current �eld of view. The whole construction in primary focus is captured in Figure
2.7. On the left side of the picture, you can �nd grey cable and after a closer look, you can
�nd the beginning of optical �bres (Šlechta, 2020).

The new system contains 3 optical �bres. Experts recommended octagonal optical
�bres Optra WT OCT by the company CeramOptec which provides uniform lightning
(Miroslav Šlechta, 2023). Their length is 30 meters (Miroslav Šlechta, 2023). The active
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Figure 2.5: The view into the tube of the telescope, the situation before 2019 - Credit:
Miroslav Šlechta (2023)

Figure 2.6: The view out of the telescope's tube before improvement in 2019 - Credit:
Miroslav Šlechta (2023)

core of all �bres has a diameter of 100 µm, which matches with 2:300in the primary focus
(typical seeing in Ond�rejov). As you can see in the right side of Figure 2.4, �bres run
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