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Abstract

Accurate wavelength calibration is an important factor for any measure-
ment with high resolution spectrographs. Stellar spectrum comprises of dis-
crete absorption or emission lines whose position is precisely determined by
calibrating the spectrographs using known reference lines generated from lab-
oratory sources. For the spectrograph to measure small variations in Doppler
shift, the wavelength calibration must be sufficiently stable during observa-
tion time. Instrument instability, mainly due to environmental factors like
temperature and pressure variations, and limitations of traditional calibration
methods, for example Th-Ar lamps, are the two challenges which limit high
precision spectroscopy.

Through proper environmental control, by maintaining pressure at 1 mbar
and temperature fluctuations at £0.05°C, Fabry-Pérot etalons (FP) can yield
a velocity precision of 1-10 m/s, when used for wavelength calibration. A pas-
sively stabilized FP based wavelength calibrator has been developed for Hanle
Echelle Spectrograph (HESP) installed on the Himalayan Chandra Telescope
(HCT). The etalon has been characterized using Fourier Transform Spectro-
graph (FTS) and tested with high resolution echelle spectrograph on Vainu
Bappu Telescope (VBT). Initial test runs of the entire instrument with HESP
have been conducted to study the performance of the FP instrument with the
spectrograph.

Often, curvature and tilted lines are the observed artifacts in a high res-
olution spectra, arising due to the design of the respective spectrographs.
Removal of these artifacts can help avoid wrong flux calculation and line cen-
troid position misinterpretation, which can aid in a better prediction of the
wavelength calibration model. As a part of this thesis work, a post processing
technique for the correction of the observed curvature and tilt in the spec-
tra has also been worked out. Curvature and tilt correction algorithm has
been tested on the FP and Th-Ar calibration spectra obtained from different
spectrographs.
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Chapter 1

Introduction !

1.1 Introduction

Spectroscopy is a key method for monitoring and analyzing the physical and
chemical properties of astronomical entities. Spectrographs are instruments
used to observe the spectrum of astrophysical objects. It comprises of a slit,
a collimating mirror, a dispersing element, a focusing setup, and a detec-
tor to record the spectrum. The light from the telescope is directed to the
spectrograph using optical fibers through a slit, which is ultimately imaged
onto the detector. Light through the slit is collimated and passed on to a
dispersing element using a collimating mirror. A diffraction grating is used
in most spectrographs, which disperses the light from the target object into
its component wavelengths. The camera optics then focuses the dispersed
light on to a charged coupled device (CCD), where it is recorded for further
analysis.

In contrast to their low-resolution counterparts, high-resolution spectro-
graphs employ echelle grating for use in higher diffraction orders, thereby

providing more details about spectral features and giving a resolution of R =

LPart of this chapter is published in Tanya Das et al., Applied Optics Journal 59, 2020.
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60,000 up to R = 150,000. Echelle gratings provide dispersion at higher angles
and are blazed to concentrate maximum efficiency in a specific direction. At
higher orders, they offer substantial overlap, causing the longer wavelength
of a higher order to overlap with the following order’s shorter wavelength. A
cross-disperser, like a prism or a grating, is used to separate the overlapping
orders.

Stellar spectra consist of both absorption and emission lines, whose precise
position is determined by converting the pixels into the wavelength scale. This
step is described as wavelength calibration, which utilizes known laboratory
sources such as Th-Ar arc lamps for the purpose.

Measurement of the dark matter content of galaxies and their clusters
(Napolitano et al., 2010), estimation of the mass of stellar systems (Kelson et
al., 2000), determination of the age of old stars (A. Bik et al., 2011), identifica-
tion of chemical composition, temperature and other parameters by studying
the strength of spectral features (Bhowmick et al., 2020) and radial velocity
measurements to determine the presence of planets around stars (Hatzes et

al., 2016) are the primary fields of application for spectroscopy.

1.2 Radial Velocity Method

The detection of extrasolar planet orbiting a main sequence star 51 Pegasi, in
1995 using Doppler Spectroscopy or Radial Velocity (RV) technique, is one
of the most significant discoveries made in astrophysics (Mayor & Queloz,
1995). Since then, technological advancement has led to improved high pre-
cision photometric and spectroscopic techniques for detection of planets. To
this date, the number of confirmed planets have crossed 4420 count from var-
ious ground based observations and space missions?. The RV technique is a
powerful tool that contributed in many exoplanet discoveries before transit

data from NASA’s Kepler mission and later from Transiting Exoplanet Survey

2NASA Exoplanet Archive
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Satellite (TESS) became available. High precision radial velocity technique
measures the Doppler shifts in the spectrum of the star. Apart from de-
tection of extra solar planets, this technique finds application in areas such
as, detection of g-mode oscillations in the Sun (Appourchaux et al., 2010),
investigating expansion rate of the universe (Liske et al., 2008), measuring
variability of fundamental constants (Reinhold et al., 2006), study of stellar
interiors using astro-seismology (Bazot et al., 2007) and characterization of

binary and pulsating stars (Butler et al., 2003).

~ Radial Velocity Method

The star and planet orbit their common center of mass.
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Figure 1.1: Radial Velocity method for detection of an orbiting planet around the star.
Credit: Las Cumbres Observatory

The concept behind using radial velocity measurements in extrasolar
planet detection is shown in Fig. 1.1. In a gravitationally bound system, the
star-planet pair orbits their common center-of-mass. Hence, the star is not
completely stationary and appears to wobble slightly, causing a wavelength
shift in the spectrum. The spectrum appears red or blue shifted depending
upon the movement of star away from or towards us. If there are periodic
wavelength shifts in the star’s spectrum, it ascertains the presence of an

invisible companion around the star. The amplitude of the wavelength shift
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depends on the mass and distance of the planet from the host star and the
inclination angle that orbit makes with observer’s line of sight. This method
helps in determining the eccentricity, semi-major axis, orbital period and the
minimum mass of the orbiting planet.

Doppler shifts can be converted into radial velocity using the following
equation,

Vey _ AA

- (1.1)

where, Vzy is the radial velocity, ¢ is speed of light, A is the wavelength
in the rest frame and A\ is the change in wavelength due to Doppler motion.

The RV signal is usually small due to high mass ratio between the star and
the planet. For example, a Jupiter-size planet would induce a radial velocity
shift of 11.2 m/s in the spectra of a sun-like star from an orbital distance of
5.4 AU, while an Earth-sized object at 1 AU would induce a shift of ~10 cm/s
(Hatzes et al., 2016). In case of binary systems, due to large mass of orbiting
stars, the radial velocity variation of several kilometers per second are easily
observed. Highly stable spectrographs dedicated to planet search programs
have been able to reach a Doppler precision of 1 m/s, allowing detection of

super earths (5 — 8 M) (Dittmann et al., 2017).

1.3 Wavelength Calibration

A charge coupled device (CCD) is used for recording the spectra of star after
dispersion from spectrograph grating. However, the CCD doesn’t record the
wavelength but only the intensity information. Stellar spectrum consists of
series of discrete absorption and emission lines produced due to a variety of
chemical compositions and physical conditions prevailing in the star. The
wavelength position of these lines can be precisely determined by referencing
the spectrograph with known lines generated from laboratory sources like

hollow cathode lamps (Bauer et al., 2015). The spectral intensity is recorded
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as a function of pixel position on a 2D grid. Grating being a non-linear device
requires correct wavelength to be assigned to each pixel position on the CCD
grid and hence the calibration is done by using a well characterized laboratory
source. An empirical relation, known as wavelength solution, is used to map a
discrete wavelength to each pixel position. This process is called wavelength
calibration, whose accuracy is of paramount importance for any measurement
with high resolution spectrographs.

The wavelength calibration must be sufficiently stable during observation
time to measure small variations in Doppler shift. Environmental fluctuations
can easily induce errors of few 10-100 m/s in the spectrograph data. Even
if the environmental variations are controlled, wavelength calibration errors
would still remain (Halverson et al., 2016). A meaningful comparison of the
spectra taken at different times is often a difficult and non-trivial task. These
challenges have inspired researchers to build highly stabilized spectrographs
and explore innovative wavelength calibration techniques. Traditional tech-
niques using emission lamps such as Th-Ar or advanced techniques such as
Fabry-Perot (FP) etalon (Wildi et al., 2010), Iodine cell (Marcy & Butler,
1992), and laser frequency comb (Murphy et al., 2007) are the methods that

are commonly used for wavelength calibration.

1.4 Methods of wavelength calibration

1.4.1 Emission lamps

Emission lamps are the traditionally used technique of wavelength calibration,
Thorium-Argon (Th-Ar) lamp being the most widely used since they provide
a wide wavelength coverage from UV to NIR. Hollow cathode lamps produce
a dense set of emission lines, which can be used as a wavelength calibration
source to generate wavelength solution models. Bright lines created by the

lamp’s lighter fill gases can be used to calibrate wavelengths with moderate
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precision, but they cause significant error in high resolution equipment that
require high precision calibration. Emission lamps do not provide a homo-
geneous line distribution and intensities, the density and relative strength of
these lines leading to blending. Thorium does not have enough bright lines in
the NIR region, whereas Argon emission lines can saturate the detector dur-
ing typical exposure periods. High susceptibility of Argon lines to ambient
condition (Lovis et al., 2006), along with spectrum contamination from dif-
ferent sources and aging of the lamp, further adds to the disadvantages. The
uncertainty in determining line positions in a Th-Ar spectrum is estimated
to be around 10 m/s (Lovis & Pepe, 2007). When used in simultaneous cal-
ibration, the RV precision achievable with emission lamps can be improved,
attaining sub-m/s precision in spectrographs like HARPS (Lovis et al., 2006).
Fig. 1.2 shows an example of Th-Ar spectra taken from Hanle Echelle Spec-
trograph (HESP).
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Figure 1.2: Th-Ar calibration spectra taken with HESP, showing the over-saturated and
blended lines.
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1.4.2 Molecular Absorption Cells

Iodine absorption cell technique was developed for precision spectroscopy by
Marcy & Butler (1992). The iodine gas exhibits absorption features between
500-600 nm and is transparent in the rest of the star’s spectrum. Simulta-
neous calibration using molecular iodine (I5) can achieve a RV precision of
a few m/s (Butler et al., 1996). When incident starlight passes through a
temperature-controlled absorption cell, a dense forest of I molecular lines
is imprinted on the stellar spectrum. Along with simultaneous wavelength
calibration, this method also allows for determination and correction of in-
strumental drifts. Iodine absorption cells provide a very narrow wavelength
coverage (500-630 nm). This technique also suffers from disadvantage of loss
of light within the absorption cell. Disentangling iodine lines from stellar ab-
sorption lines also present as a challenge and requires complex modelling for
de-convolution and retrieval of small Doppler shifts. Fig. 1.3 shows an exam-
ple of iodine lines imprinted on solar spectra, obtained from high resolution

Echelle spectrograph at VBT.

Figure 1.3: Solar spectra taken with VBT, with iodine lines imprinted on it. Credits: C.
Sireesha (2019)
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1.4.3 Laser Frequency Comb

A frequency comb is a state of the art technology, using a laser to gener-
ate spectrum consisting of discrete and equispaced frequency lines. Sharp
emission lines are produced by LFC at frequencies that can be traced to a
stable atomic transition. LFC is tuneable and can generate a large num-
ber of equidistant calibration lines of equal intensity. The frequency of the
produced comb is stabilised by locking the absolute frequency and the laser
repetition rate to a GPS-stabilized atomic clock. Using LFC as a wavelength
reference, RV precision of the order of a few cm/s can be attained. LFC
is promising technology but it comes with high costs and many operational
difficulties since it is not just a turnkey instrument. The complexity of the
design further limits the use of frequency combs. Another disadvantage of
LFC is the difficulty to design a comb that can span the entire optical and
NIR ranges while remaining stable over long time intervals. Output from a

laser frequency comb is shown in Fig. 1.4.

Figure 1.4: Laser Frequency Comb spectrum (top) with stellar spectrum of HD75289
(bottom) taken using HARPS. Credits: ESO



1.4 Methods of wavelength calibration 9

1.4.4 Fabry-Pérot Etalon

Fabry-Pérot (FP) etalon is a simple optical component that work on the prin-
ciple of multiple beam interference. The output from the FP is a collection of
interferometric Airy peaks that have been filtered from a broadband continu-
ous source. Providing stable spectrum for referencing with nearly equispaced
lines of uniform intensity and easily matched wavelength range of the spec-
trograph, FP etalon can give frequency comb-like properties at affordable
costs and less complexity. FP etalons can help in achieving RV precision of a
few cm/s with suitable environmental control. The disadvantage of using FP
etalon for calibration is the lack of absolute referencing, which can be over-
come by using external absolute reference like simultaneous calibration with
Th-Ar lamps or laser. Aging of etalon spacers and coating degradation over
time can cause intractable frequency drifts in a passively stabilized etalon,
which can be actively tracked by locking the FP cavity with a frequency
stabilized diode laser. FP calibration frame taken from HESP is shown in

Fig. 1.5.

Figure 1.5: Raw spectrum recorded by HARPS in dual fiber mode. Upper fiber is
illuminated by Fabry-Perot based calibration source (top spectrum) and lower fiber is
illuminated by star (bottom spectrum) Credits: Cosentino et al. (2012)
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1.5 Advantages of using Fabry-Pérot etalon

Instrument instability, induced by environmental factors like temperature and
pressure variations, photon noise and limitations of traditional calibration
methods are the major challenges to high precision spectroscopy, which to-
gether might account for errors of few hundreds of m/s (Murphy et al., 2007).
Even with a stabilized spectrograph, wavelength calibration can contribute
to an error of around 11.5 cm/s (Halverson et al., 2016). Although Th-Ar
lamps are an affordable source of reference, they cannot be employed in the
NIR with the same efficiency as they can be in the optical region. The lines
provided are not evenly distributed across all orders, their brightness varies
widely, and they suffer from line blending and spectrum contamination from
different sources. The uncertainty in determining line positions in a Th-Ar
spectrum is estimated to be around 10 m/s (Lovis & Pepe, 2007). Todine cells
provide a very limited wavelength range of operation and requires complex
methods for post processing and reduction of the data. Laser frequency combs
are ideal wavelength calibrators, but they have the disadvantage of having a
narrow wavelength coverage, as well as being expensive and complicated to
design. FP etalons are a less expensive and less complicated method that
provides frequency comb-like properties.

Another important advantage of FP over traditional emission lamps is the
large number of lines provided by the former. This is significant because the

error in determining radial velocity drift (ogy) is,

orv < (VSNR)(\/No. of lines), (1.2)

where, SNR is the signal to noise ratio of the data and no. of lines indicate
the number of calibration lines available for marking the wavelength.

Resolution of a spectrograph is given by Equation 1.3



1.5 Advantages of using Fabry-Pérot etalon 11

R=-" (1.3)

where, A is the wavelength.

Taking the example of HESP with a resolution of R=60000, at A\ = 60004,
Equation 1.3 gives AX = 0.1A. This is covered in 2 pixels and corresponds
to a RV shift of 5 km/s in HESP. This implies that a shift of 10 m/s will
correspond to a shift of 0.004 pixels for a single line. Assuming an SNR of
1, having 500 lines for wavelength calibration can induce an error of 4.5%
in measuring 0.004 pixel shift. If 5000 lines are available for calibrating the
wavelength, then this error gets reduced to 1%, according to Equation 1.2.
In our analysis, we have detected 6624 lines of FP across 22 orders of HESP,
whereas the number of usable lines of Th-Ar detected in the same range were
854. Hence, we are using FP etalon as a source for wavelength calibration due
to the numerous advantages offered by it. The aim is to attain RV precision of
10 m/s with HESP, across the visible wavelength range over the observation
run (~10-12 hours).

The objectives of the thesis are as follows:

e Investigating the factors important to obtain a stable output from the

FP that can be used for precise measurements.

e Development of a passively stabilized Fabry-Pérot based wavelength
calibrator for HESP, in which the FP etalon, along with the illumina-
tion and collection optics will sit inside an evacuated and temperature

controlled chamber.

e In comparison to the traditional calibration techniques, this method will
be used in analysing design induced errors of the spectrograph, which
can help in eliminating instrument artifacts like curvature and tilt in

spectra.

e With space based mission like NASA’s new all sky transit survey satel-
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lite TESS, and older programs like Kepler, many extrasolar planets
around bright stars have been detected. The ground based RV follow
up observations is required to determine the mass and other important
orbital parameters of new exoplanets. The FP instrument will act as
an add-on calibration module for HESP to tap into the RV capabilities

of the spectrograph and facilitate regular science observation.

1.6 Thesis outline

The thesis is divided into the following chapters. An overview of the contents
of each chapter is presented below.

Chapter Two: Fabry-Pérot etalon for wavelength calibration
Fabry-Pérot is an optical component that works on the principle of multiple
beam interference. In this chapter, the working of FP, types of FP, the ap-
plications apart from use in wavelength calibration, are discussed. The basic
optical construction of FP is also discussed and the various terms associated
with FP that will be used throughout the thesis, have been defined here. Ex-
isting observational facilities that use FP etalon based wavelength calibration
system for their spectrographs have been mentioned here and the details of
the FP setup design used by them is presented. Finally the design differences
of our setup from the existing ones are summarised at the end of the chapter.
Chapter Three: Factors affecting Fabry-Pérot Etalon stability

The main requirement of using FP for wavelength calibration is that it should
provide a stable output over the observation time period. To ensure the same,
the factors that can cause fluctuations in the output of FP are studied in de-
tail and presented in this chapter. Both pressure and temperature changes
can cause the FP lines to shift and induce error in calibration. It is also
important to illuminate the FP with a collimated beam of light, failing which
the performance of the same is affected. Misalignent in fiber or finite fiber size

lead to a divergence in the input light, causing errors in FP line position and
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a loss in finesse. The acceptable values for each factor have been calculated
to keep RV errors within the desirable limit. The requirements on the design
of the FP based instrument has been summarised in this chapter.

Chapter Four: Design of instrument

Based on the design requirements discussed in previous chapter, the final de-
sign of the instrument is presented here. Different aspects of the design is
described in detail. Pressure stability is achieved by operating the FP setup
in a vacuum chamber. Temperature stability is achieved by using a temper-
ature controller and proper insulation. The pressure and temperature limits
achieved have been tested in the laboratory and the results have been pre-
sented in this chapter. The design of the optical feedthrough developed in
house is discussed in detail. The opto-mechanical design of the setup is shown
along with details about the optical components like lenses, fibers and light
source used in the setup. The specifications of the FP being used in the setup
is also given in this chapter.

Chapter Five: Performance test of Fabry-Pérot

The FP setup has been tested with three different spectrograph. Fourier
Transform Spectrograph (FTS) has been used to test the various parameters
of the FP like Free Spectral Range(FSR), finesse and cavity length. The de-
tailed analsysis of the data obtained from the test is presented. The optical
setup used for illumination of FP and light collection has been tested with
the Echelle Spectrograph on VBT. The problems in collimation were observed
and corrected with the help of results obtained from this test. The entire cal-
ibration setup, with pressure and temperature control, have been installed
and tested on HESP. The results from the tests provided further insights on
the instrument artifacts of the spectrograph. Analysis and results from all
the three tests have been summarised and presented in this chapter.
Chapter Six: Curvature and tilt correction of high resolution spec-
tra

Results from the FP spectra taken with HESP, showed an increase in the
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line-width of the FP lines. On further analysis, the instrument artifacts were
found to be one of the reasons behind it. Even though HESP design does not
induce significant tilt in the spectra, the curvature of the orders introduces
small tilt in the FP lines. If not taken care of in post-processing, the tilted
line can lead to error in flux and wavelength caibration, along with reduction
in spectral resolution. This was taken as a motivation to develop a simple
algorithm to correct the curvature and tilt in spectra during post-processing.
The algorithm of the code developed for this purpose is presented here (not
made open-source yet). The results from application of the said algorithm
on HESP data and improvement in the line-width is also shown. In order to
benchmark the algorithm, data from spectrographs with tilted spectral lines
were taken and the algorithm was applied on them. X-shooter and MIKE
spectrographs are two such spectrographs know for their highly curved or-
ders and tilted lines. The results from these spectrographs before and after
performing the correction algorithm is shown for the purpose of comparison.
Discussion on the importance and need of such corrections have been done in
this chapter.

Chapter Seven: Summary and Future Work

The work done in the thesis and the results obtained have been summarised
in this chapter. The future possibilities of this work have also been discussed

in brief here.



Chapter 2

Fabry-Pérot etalon for wavelength

calibration

2.1 Introduction

Interference is the phenomenon in which two or more waves having a phase
difference interact, resulting in a consequent wave with a greater, equal, or
lower amplitude. An interferometer is a device that allows light beams to
interfere with one another. The interference pattern produced by local varia-
tions in phase difference across the beam’s cross-section is known as interfer-

ence fringes.

2.2 Multiple Beam Interference

When two coherent beams are combined based on their phase difference,
an interference pattern is formed. Multiple beam interference occurs when
multiple reflections of mutually coherent beams superimpose, which can be
accomplished by placing glass plates with high reflection coating in close

proximity (Hecht, 1975). Each time the light reaches the second surface,
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a portion of it is transmitted, and the remainder is reflected, resulting in
multiple offset beams that can interfere with one another. The intensity drops
with each reflection following the reflectivity of the surface, and thus the final
amount of light collected at the output is dependent on the reflectivity. The
greater the number of multiple reflections of the beams, the finer and sharper
are the resulting fringes. As a result, in multiple beam interferometry, the
line-width of the interference fringes becomes extremely narrow. Because of
the large number of interfering rays, an interferometer with extremely high

resolution is produced.

2.3 Fabry-Pérot interferometer

A Fabry-Perot interferometer is a simple optical component made up of two
reflecting surfaces that face each other and form the interferometer’s cavity.
It was developed in 1899 by Charles Fabry and Alfred Pérot (Pérot & Fabry,
1899) and works on the concept of multiple-beam interference. An FP inter-
ferometer is a device that allows the gap between the glass flats to be varied
by mechanically moving one of the plates. An FP etalon is made up of glass
flats that are fixed to a spacer material.

Based on the geometry of the cavity plates used for the construction,
the FP interferometer can be plane-parallel, confocal, concentric or plano-
concave. Apart from the shape of the cavity mirrors used, the FP can be

classified into the following types:

e Solid Fabry-Pérot: A high reflectivity coating applied on the either
sides of a glass window can form a solid cavity that can trap light. The
effective cavity length is nL where n is refractive index of the glass ma-
terial and L is thickness of the window. It is a rugged and compact
setup that can be temperature tuned. Solid Fabry-Perot has several
drawbacks, including material dispersion, coating mismatch, poor tem-

perature stability and limited available thickness.
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e Air spaced Fabry-Pérot: These etalons consist of two parallel plates
with an air gap in the middle forming an air cavity with an effective
cavity length of nd where n is refractive index of air and d is the distance
between the plates. They are larger setups that can be tilt or pressure-
tuned. They are less rugged as compared to solid FP but have superior
thermal stability and better effective finesse. The mirrors are simul-
taneously coated to avoid any mismatch. Alignment of the reflecting

surfaces is critical.

e Fiber Fabry-Pérot: A Fiber Fabry-Pérot is directly made from opti-
cal fibers and hence it is pre-aligned. Because of this, alignment issues
are minimal, albeit material dispersion and birefringent properties can
cause complications. Another issue with FFP is the small light output

due to inefficient light coupling into single-mode fibers.

FP interferometers and etalons find application in a wide range of fields.
In telecommunication, FP is used for wavelength division multiplexing (J.
Yin et al., 2013). FP is also used in the biomedical industry for ultrasound
detection (H. Varu, 2014). In industrial and aeronautical instruments, FP is
used for vibration sensing (Gangopadhyay, 2004) and strain measurements (S.
Liu et al., 2014). FP based sensors can also be used in temperature sensing
(Choi et al., 2008) and humidity sensing (D. Su et al., 2013). Etalons can
also be used for narrow-band imaging of extended objects in astronomy (S.K.
Dhara et al., 2016). Etalons are used in high-resolution spectroscopy as an
optical spectrum analyzer and as dichroic filters in optical instruments such
as cameras and light sources. FP based sensors can also be used to measure
the chemical composition of liquid materials by changing the refractive index
of the cavity (T. Wei et al., 2008; Zhang et al., 2010). In laser physics,
FP finds application in controlling the line-width of the laser (Peterson &
Yariv, 1966), for frequency stabilization of laser (Pan et al., 2011) and for

constructing single-mode lasers as optical resonators (Elkin & Napartovich,
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1994). FP interferometers are also being used in gravitational wave detectors

LIGO and Virgo for boosting the sensitivity (Abbott et al., 2016).

2.4 Construction and working of Fabry-Pérot

A Fabry-Pérot etalon is an optical component consisting of two glass plates
mounted parallel to each other, separated by a certain distance, with inner
surfaces having high reflection coating (Born & Wolf, 1980). The reflect-
ing surfaces are usually made of fused silica. The outer surfaces have anti-
reflection coatings along with wedged plates to avoid reflection from outer
surfaces. The two glass plates form a resonant cavity and produce a periodi-
cally varying transmission function due to the interfering multiple reflections
of light in the cavity. The cavity length in an interferometer can be varied
by using a piezoelectric device to change the position of one mirror. Because
the glass plates are mounted on a spacer made of material with a low thermal
coefficient of expansion, such as Zerodur or ULE glass, etalons have a fixed
cavity spacing. A diagram representing the simple construction of an etalon
is shown in Fig. 2.1.

The operation of an etalon according to multiple beam interference is
shown in Fig. 2.2. The light is incident on the first mirror, part of which is
reflected and the rest transmitted. The transmitted light is reflected by the
second mirror placed at a distance d from the first.

The beam is reflected multiple times between the mirrors and is only
transmitted out of the cavity when a specific condition for constructive inter-
ference is met. Otherwise, destructive interference suppresses the light almost
completely. When a diverging or converging light passes through FP plates,
it produces concentric rings as an interference pattern, corresponding to the
light rays entering the FP at different angles. These sharp fringes are referred
to as Haidinger rings or fringes of equal inclination.

If the cavity’s refractive index is assumed to be n and there is no light ab-
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Figure 2.1: Illustration depicting the basic construction of a Fabry-Pérot etalon.
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Figure 2.2: Multiple beam interference within a Fabry-Pérot etalon.

sorption by the mirror, light can only be transmitted outside the cavity when
all reflected waves are in phase, and the resonance requirement is fulfilled,

which is given by Equation 2.1.

ndcos(0) = mA/2, (2.1)
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where, m is the interference order number, and 6 is the angle of incidence
on the second surface, d is the cavity length, and X is the wavelength.
The phase difference (J) required for constructive interference is given by

Equation 2.2.

5— 47md)(\:os(6’) (22)

2.5 Fabry-Pérot Parameters

In this section, we define the FP parameters and characteristics that will be

used throughout the thesis.

2.5.1 Fabry-Pérot transmission function

Interference between multiple light reflections between the two reflecting sur-

faces results in a varying transmission function, which is represented by Equa-

tion 2.3.
1o
I = 2.3
"7 14 Fsin2(6/2)° (23)
where,
poTVE (2.4)

Here, F' is coefficient of finesse, R is mirror reflectivity, n is refractive
index of cavity and ¢ is the phase difference as defined by Equation 2.2.
The transmitted intensity is a periodic function of § and the maximum

and minimum values are obtained according to Equation 2.5,

[[T]max = [07 0 =mn
1 (2.5)
[IT]mzn - 0
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where, m is an integer.

As the mirror reflectivity (R) increases, the peaks become narrower. A
high reflectivity coating of >90% produces sharp cavity lines, but it can be
realized only over a small wavelength range. The variation in cavity lines

with different values of R is depicted in Fig. 2.3.
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Figure 2.3: Simulated curve of Fabry-Pérot transmission function for different values of
reflectivity coating R. As the R increases, the FP transmission peaks become sharper.

The transmission spectra of FP with a cavity length of d=5 mm and

different reflection coating values has been simulated, as shown in Fig. 2.4.

2.5.2 Free Spectral Range

Free Spectral Range (FSR) is defined differently for a spectrograph and for
FP. In case of a spectropgraph, FSR is the wavelength range in a spectral
order without overlap from the adjacent orders. FSR of an etalon is the
separation between the neighbouring transmission peaks, measured in optical
frequency or wavelength. It is a parameter used in the characterization of
the FP interferometer/etalon. The FSR has been marked in Fig. 2.4. FSR is
inversely proportional to the refractive index of the cavity medium and the
cavity length.

FSR in terms of frequency is given as:
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Figure 2.4: Transmission spectra of the Fabry-Pérot simulated over a short wavelength
range. FSR is the free spectral range of the FP, and FWHM is the line-width.

c
FSR=Av=—— 2.
SR v 5’ (2.6)

where, c¢ is speed of light, n is refractive index of cavity and d is the cavity
length.
FSR can be expressed in terms of wavelength (\) as,
)\2

FSR=A\N= —. 2.7
2nd (2.7)

2.5.3 Finesse

Finesse is a quantitative measure of the etalon’s ability to resolve closely
spaced transmission peaks. It is a term used to describe the resolution of
the etalon. Finesse describes the width of the peak and provides information
about the sharpness of the maxima. Finesse can be defined as the ratio of the
separation between fringes, i.e. the free spectral range to the resonant peak’s
full width at half maximum (FWHM), as given in Equation 2.8. The FWHM

of the transmission peaks of FP is shown in Fig. 2.4.
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FSR

F=—2"_
FWHM

(2.8)

The reflectivity R of the cavity mirrors can also be used to characterize

finesse, as shown in Equation 2.9.

™R

F:
1-R

(2.9)

Because the surface of the mirrors cannot be made perfect reflective, a
peak with zero width, or a delta function for the transmission peaks, cannot

be obtained, thereby limiting the resolution of the FP.

2.5.4 Resolution

The resolution of an etalon is defined as the minimum wavelength separation
that the instrument can resolve. For the two peaks to be fully resolved,
the separation between them must be at least equal to the full width at
half the maximum of the peaks, thereby satisfying the Rayleigh criterion.
The chromatic resolving power is defined as the ratio of wavelength to the
least resolvable wavelength difference. The resolving power of FP is given by

Equation 2.10.

R= - (2.10)

2.6 Using Fabry-Pérot etalon in wavelength
calibration

A wavelength calibrator based on FP etalon should have the following char-

acteristics (Wildi et al., 2010):

e FP can provide a stable reference spectrum and achieve 1-10 m/s RV

stability precision.
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e It should be designed to cover the full wavelength range of the spectro-

graph.
e Lines of nearly uniform spacing and intensity are obtained.
e FP lines should not be resolved by the spectrograph.

e For optimal sampling, the free spectral range of the FP can be designed
to be 3-4 times the FWHM of spectrograph resolution. Narrow spacing

gives poor contrast, whereas wider spacing leads to imperfect sampling.

e As the free spectral range is a function of cavity length, etalons can be

manufactured to match the specification of the spectrograph.

A Fabry-Pérot based setup can act as an excellent wavelength calibration
source for the spectrograph by providing continuous lines of uniform intensity:.
The transmission lines of the FP can be marked for wavelength by taking con-
secutive Th-Ar frames or using Th-Ar in simultaneous calibration. Another
method for generating the wavelength solution model for FP lines is to use
F'TS spectra to determine the absolute interference order. The FP needs to
be operated in a temperature-controlled vacuum chamber, which is termed
passive stabilization. The output from the chamber can then be carried to
the spectrograph calibration unit using optical fibers. Hence the FP based
setup acts as a standalone system. This is an addition to the spectrograph,
which can be easily incorporated without making any significant changes in

the spectrograph design itself.
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2.7 FP based calibration system designs used

in existing facilities

2.7.1 CARMENES Spectrograph

Calar Alto high-Resolution search for M-dwarfs with Exo-Earths with Near-
Infrared & optical Echelle Spectrograph (CARMENES) is an infrared planet-
hunting spectrograph on the Calar Alto 3.5 m telescope with a spectral re-
solving power of R=82,000 (Quirrenbach et al., 2010). This spectrograph
aims to study mid to late M-dwarfs as they show an increase in the flux in
Near Infrared Region (NIR). Since the spectrograph operates in the NIR re-
gion, Th-Ar lamps cannot be efficiently used due to the fewer number of lines
it offers in this region, along with the other disadvantages discussed in sec-
tion 1.4.1. Hence, FP provides a good alternative for wavelength calibration.
Two passively stabilized FP etalons are used as reference calibration modules:
550-1050 nm for red visible wavelength range (FP1) and NIR region spanning
900-1700 nm (FP2). Both the FPs are optimized for operation in the separate
arms and can produce 15000 lines of nearly homogeneous intensities in each
arm. The FPs have been stabilized to achieve an RV precision of 10 cm/s in
both arms.

The design of the setup used in both the arms is identical (Schéfer and
Reiners, 2012). The FPs used are manufactured by SLS Optics. FP1 is
optimized for 600-1000 nm wavelength range with a Zerodur spacer and cav-
ity length of 9.990 mm with a wedge angle of 30 arcmin. FP2 is optimized
for operation in 900-1300 nm wavelength range with Zerodur spacers and
a cavity length of 12.334 mm. Effective finesse for both the FPs is 8 with
FSR~0.03 nm. A halogen lamp is used as a light source, covering the entire
wavelength range for both the arms and providing sufficient flux. Multimode
fibers are used in the setup, which provides many different modes of transmis-

sion for light inside the fiber. Any movement or stress in the fiber can lead to
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changes in the mode and hence, a change in the shape and position of output
light. Using a very bright light source with smaller diameter fibers eliminates
the need for using a scrambler for stabilizing the light output. An input fiber
of 50 pum core diameter is used for illuminating the FP, the light from which is
collimated using a parabolic mirror that directs the light through the FP. On
the output side, a similar mirror is used to collect the light and couple it into
the output fiber of 200 um core diameter to ensure less light loss at coupling
points. The mirrors used to allow direct plug-in of the fibers eliminating the
need for any further alignment. An angular stability of 0.0015° is maintained.
The output fiber carries the light into the spectrograph calibration unit. The
entire FP unit is depicted in Fig. 2.5.

AN N A Vd
Collimated o o Oolimated
Quiput Beam | Qutput Beam
; Fabry-Perot
Fiber Input Beam Lenstube  intarferometer Fiber Input Beam

Kinematic mount

Figure 2.5: Sketch of the optical setup used for illumination and collection of light from
FP etalon. Credits: Schéfer and Reiners (2012)

The FP unit is placed inside a vacuum tank to provide temperature and
pressure stability. An optical stage with three legs, as shown in Fig. 2.6,
holding the FP and parabolic mirrors, is used for mounting inside the tank.
Fiber feedthroughs used in the setup are custom made designs with one fiber
crossing through the feedthrough. The FP unit is operated at a pressure
of 3 x 107% bar using Pfeiffer’s HiPace300 Turbo Pump and Duo2.5 backing
pump. Pfeiffer Pirani Gauge PKR251 is used for measuring the pressure inside
the tank. The vacuum tank has two layers with a gap between which silicon
oil coolant is pumped using a thermo-pump. The coolant temperature is con-

trolled using Huber Ministat 230, which maintains the temperature at 15°C
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with a stability of 15 mK. PT100 sensors with Lakeshore 224 temperature
monitor are used for measuring the temperature. The coolant temperature
is controlled, thereby adjusting the temperature of the vacuum tank to the

coolant temperature and ensuring uniformity within the tank.

| —

' tm—

Figure 2.6: The optical bench holding FP and relaed optics, that is finally mounted inside
vacuum enclosure for CARMENES. Credits: S. Schéfer (2014)

2.7.2 TRES Spectrograph

A passively stabilized FP etalon based calibration system is installed on Till-
inghast Reflector Echelle Spectrograph (TRES) at the 1.5 m Tillinghast tele-
scope in Fred Lawrence Whipple Observatory (FLWO). The spectrograph has
a resolution R=45,000 and spans a wavelength range of 3800-9000 A. Off the
shelf, components have been used to construct an economic FP calibrator that
can be developed on a smaller budget, suitable for small observatories, with
the aim of reaching m/s level of accuracy in RV measurements (Firész et al.,
2014). The absolute wavelength calibration of the FP lines is done by using
Th-Ar reference frames.

A 17 diameter solid FP etalon from LightMachinery is used for the setup.
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The FP is made of fused silica with 0.1 arcsec wedge, has a thickness of
1.686 mm and a reflective coating of 65% optimized over the 450-650 nm
wavelength range. The FP gives an FSR of 0.5 A at 5000 A, which is four
times the spectrograph resolution element 0.11 A. A white LED source is
used as a light source, and a 200 um core diameter optical fiber is used to
carry the light. The light from the fiber is collimated by a half-inch off-axis
parabolic mirror that directs the light to the etalon. Light at the output of the
FP is collected and coupled into output fiber by a similar off-axis parabolic
mirror. All reflective optics have been used to avoid chromatic aberration.
The components have been mounted on a cage based system. The fibers
are mounted on a flexure cut XY stage with translation capability to set
the focal distance from the mirror. The off-axis parabolic mirrors have the
option of being rotated in their holder using a micrometer screw for setting
their orientation. The etalon is mounted on a tip-tilt stage. The design of

the cage is shown in Fig. 2.7.

Figure 2.7: The opto-mechanical design of the cage based FP unit. Credits: Fiirész et
al. (2014)

Since a solid etalon having a small thickness and volume is used, the

etalon is less prone to temperature and pressure variations. A drift of ImK
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is estimated at 5000 A, which is equivalent to an RV drift of 2 m/s. Hence a
temperature stabilization to mK level is implemented. The opto-mechanical
setup is kept inside an 8” diameter and 10” tall vacuum cylinder that operates
under a pressure of 1072 mbar. The FP setup is suspended in the vacuum
chamber using nylon wire to decrease the conductive path. A radiation shield
between the chamber wall and FP system is used to avoid radiative coupling
to the surrounding. A penetrating feedthrough has been designed and used
to install the fibers in the chamber.

A 1 m x 1 m wooden crate is used to house the entire system with two
layers of temperature control within it. The crate has Styrofoam insulation
inside. Construction lumber has been used in the inner frame with embedded
foam panels on the side. A liquid heat exchanger and a fan tray are placed
above the inner frame. Air circulation within the box is provided by openings
at the bottom of the frame. A liquid chiller connected with flexible pipes to
the heat exchanger is used to maintain the temperature of the liquid at 17°C.
The fan tray maintains the air temperature in the heat exchanger close to
the liquid temperature. The entire crate sits in an air-conditioned room with
temperature stability of 20°C £ 1°C. The inner frame contains another inner
shell with 1 mm thick aluminium panels and heat tapes attached to them.
RTD is used to measure the temperature within the shell and drive a PID loop
for temperature control. The temperature inside the shell is maintained at
20°C with short bursts of heat. One RTD probe monitors the temperature of
the etalon, and another sensor is used to measure the temperature in the outer
shell, maintaining the final temperature in the entire setup within 4+0.1°C.

The schematic of the entire system is shown in Fig. 2.8.

2.7.3 HARPS & ESPRESSO Spectrographs

The High Accuracy Radial velocity Planet Searcher (HARPS) on the 3.6 m
telescope at La Silla Observatory is a highly stabilized echelle spectrograph
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Figure 2.8: Schematic of the thermal control system being used for temperature stabi-
lization of FP unit. Credits: Fiirész et al. (2014)

with a resolution of R=120,000 and covers a spectral range of 380-690 nm
(Pepe et al., 2000). The spectrograph is equipped with Th-Ar lamps for si-
multaneous calibration, Todine cell, Fabry-Pérot etalon and LFC (Wildi et al.,
2009), for wavelength calibration. A two fiber system is used for simultaneous
calibration: fiber A for stellar spectrum and fiber B for reference spectrum
during science exposure. Both the fibers are illuminated with a calibration
source to develop the wavelength calibration model. Comparing the calibra-
tion spectrum on fiber B between science exposure and calibration exposure
gives the instrumental drift that can be corrected for in the science fiber.
For the FP based calibration setup, an air-spaced etalon is used with ring
spacer consisting of a compound stack of thick Zerodur and thin BK7 that
are optically contacted together (Wildi et al., 2010). The FP used has a
finesse of 6, an effective finesse of 4.3 and a cavity width of 7.3 mm. A laser-
driven light source (LDLS) consisting of a Xe lamp that is excited by a pulsed
pump laser is used as the primary light source for providing high brightness
over the wavelength region (Wildi et al., 2011). A 600 pm optical fiber is

used for carrying the light from the source into the vacuum chamber. Initial
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designs used collimating and focusing lens systems, which was replaced by
reflective collimator in later design (for ESPRESSO). A 300 pum fiber carries
light output from the FP to the spectrograph calibration unit. An expen-
sive and complicated Zerodur support structure, with the elements optically
contacted with each other, was used in the initial design. This was replaced
by the opto-mechanical components being kept in an aluminium structure in
subsequent designs like ESPRESSO. The vacuum tank is operated at a pres-
sure of 1073 mbar. Lakeshore temperature controller, along with silicon diode
temperature sensors and a heater foil wrapped around the vacuum cylinder,
provides temperature stability of 0.01K. The schematic of the entire instru-
ment is shown in Fig. 2.9 The vacuum tank is placed in a thermally insulated
box, and the entire setup is kept in a temperature-controlled spectrograph

room. The image of the assembled vacuum enclosure is shown in Fig. 2.10.
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Figure 2.9: Schematic of complete FP based calibration system being used in HARPS.
Credits: Wildi et al. (2012)

The spectrograph, along with the FP calibration system, gives radial ve-
locity stability of 10 cm/s over one night and 1m/s stability over 60 days. A
similar design of the setup has been used for ESPRESSO with appropriate
FP to cover the wavelength range of the spectrograph (Cersullo et al., 2019).
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Figure 2.10: Opto-mechanical design of the FP calibrator for HARPS. The image on the
left shows the CAD view. The right image is the assembled enclosure with FP and related
optics inside, along with the optical fibers. Credits: Wildi et al. (2012)

2.7.4 SPIRou Spectrograph

Spectropolarimétre Infrarouge (SPIRou) is a stabilized spectrograph that op-
erates in the NIR wavelength range, integrated on Canada-France-Hawaii
Telescope (CFHT). The main objective of the spectrograph is to find and
characterize exoplanets in the habitable zone of low and very low mass M
stars. It also offers spectro-polarimetry to study the impact of magnetic fields
in stars and planet formation. SPIRou has a resolving power R=75,000 and
covers a wavelength range of 980-2350 nm (Donati et al., 2018). Due to lack
of calibration sources in the infrared region, FP based wavelength calibrator
is used to cover the entire wavelength range of the spectrograph, to achieve
stability of FP lines better than 30cm/s over a period of an observing night
(12 hours).
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An air-spaced etalon is used with Corning ULE spacers, a cavity length
of 12.25 mm, a finesse of 13 (effective finesse=10.8) and a reflectivity coating
of R=80% (Cersullo et al., 2017). A laser-driven light source (LDLS) by
Energetiq is used as a primary light source for ensuring high brightness. An
octagonal optical fiber of 200 pm core diameter and 0.2 NA is used for carrying
light to the FP and provide better scrambling. The fiber is mounted on a
spider, and it illuminates a collimator which produces a 40 mm diameter
collimated beam. The collimators used are on-axis parabolic mirrors of 50 mm
clear aperture and 100 mm focal length having a silver coating. After passing
through the etalon, the output is refocused by the parabolic mirror onto a
circular fiber of core diameter 600 pm.

The opto-mechanical setup is fixed to the top flange of the vacuum en-
closure on three points using a thermally insulating material. The enclosure
is operated at a pressure of 10~* mbar with a controlled rate of pressure rise
at 7.4 x 1072 mbar/day. Heating is done using resistor foils installed around
the vacuum tank. Temperature is controlled using a Lakeshore controller and
measured using precise silicon diode sensors. The operating temperature is
kept at 25°C and stability of 0.05K is maintained throughout the enclosure.
The schematic of the complete system is illustrated in Fig. 2.11. The entire
setup is kept inside an isolated box in a temperature-stabilized spectrograph
room. The absolute wavelength scale of the FP is determined using simulta-
neous Th-Ar exposures. The CAD view of the opto-mechanical components

assembled inside the vacuum tank is shown in Fig. 2.12.

2.8 Conclusion

The details about the construction and working of FP etalons used as a cali-
brator in different astronomical spectrographs have been discussed. FP etalon
provides an economical and less complex source of wavelength calibration.

We have taken inspiration from the existing designs and have come up with
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Figure 2.11: Schematic of the FP based calibration unit for SPIRou. Credits: Cersullo et
al. (2017)

a very simple design using off the shelf available components. For example,
instead of using a double-walled chamber with coolant liquid, we use printed
heaters pasted on a single-walled enclosure. This simplifies the design and
eliminates problems like jitter that can be caused due to the flow of liquid
and is more cost-effective. The parameters of the FP we use and the stability
is determined by the specifications and capabilities of the spectrograph it is
designed for, i.e. HESP, and hence requires a unique design for the setup.

These aspects have been discussed in detail in Chapter 3 and Chapter 4.
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Figure 2.12: CAD view of the opto-mechanical design of the FP calibrator within vacuum
tank. Credits: http://spirou.irap.omp.eu



Chapter 3

Factors affecting Fabry-Pérot
Etalon stability !

3.1 Introduction

In order to use FP for high precision spectroscopy, the stability of the FP
is a critical issue. According to Eq. 2.6 the separation between adjacent
transmission peaks (FSR) depends upon refractive index n of the medium
and cavity length d. Any change in the refractive index of the cavity or
cavity length would change FSR, causing random drifts in calibration lines.
Our objective is to minimize these fluctuations so that the FP cavity remains
stable and FSR remains unchanged over time. These fluctuations can be
introduced by temperature, pressure and humidity variations. Installing the
FP unit in a temperature-controlled vacuum enclosure eliminates any such
environmental variations. Getting stable transmission output from the FP

depends upon the following factors:

1. Pressure stability of the FP housing environment

LPart of this chapter is published in Tanya Das et al., Proc. SPIE. 10702, 2018 and in
Tanya Das et al., Applied Optics Journal 59, 2020.
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2. Temperature stability of the FP housing environment
3. Hlumination angle

(a) Fiber size (core diameter)

(b) Misalignment errors

4. Coating dispersion

3.2 Pressure stability of the FP housing
environment

The refractive index of air is a function of temperature and pressure. The
dispersion formula of dry air shows how the refractive index fluctuates with

variation in pressure and temperature (Owens, 1967).

: 4547.
(n—1) x 10° = D, [2371.34 + 0839397 o473 } ,

3.1
130—02+38.9—02 (3:1)

where, n is refractive index, ¢ is vacuum wave number, D, is density factor

for dry air given by,

(3.2)

P
Dy=—- |1+ P (57.9x107°—
s [+5(579><0 T T2

9.325 x 1074 0.25844)]
T * ’

where, P; is pressure of dry air, T is temperature of dry air.
The change in refractive index An can be converted into RV shift using
the following equation,
An B VRV

= (3.3)

where, Vgy is the radial velocity error and c is speed of light.

The dispersion formula of dry air and Equation 3.3 are used to calculate
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the RV shift at different pressure and temperature. This gives the pressure

limit in which the FP has to be operated.
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Figure 3.1: Radial velocity error caused by temperature variation at different pressure.
The y-axis is in log scale.

It is observed from Fig. 3.1 that at a pressure of 1000 mbar, a temperature
variation of 0.1 °C can induce an RV error of several tens of m/s, whereas,
at 1 mbar pressure, the induced RV error for the same temperature variation
reduces to a few cm/s. Hence, at atmospheric pressure, small temperature
changes strongly affect the refractive index of air, causing significant errors
in RV measurement. At low pressure, the effect of temperature variation on
RV becomes less significant. Hence the FP setup is installed in an evacuated

enclosure operating at a pressure below 1 mbar.

3.3 Temperature stability of the FP housing
environment

F'P cavity length varies with variations in the temperature. The parallel glass
plates in FP are held together by a spacer made of a material having a very
low thermal expansion. Cavity length d can change due to fluctuations in

ambient temperature.
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Ad = d,aAT, (3.4)

where, Ad is change in cavity length, d, is initial cavity length, « is coefficient
of thermal expansion, AT is change in temperature.

Small variations in temperature can alter the cavity length d, thereby
causing large errors in measurement of radial velocity. Change in cavity

length can be converted to RV units using the following equation,

Ad _ Vav
d, ¢’

(3.5)

where, Vzy is the radial velocity and ¢ is speed of light.

Cavity spacer is usually made from Zerodur with a coefficient of thermal
expansion around 2 x 1078 K~! or from ULE glass with a coefficient of ther-
mal expansion around 1078 K~!. Equation 3.4 and Equation 3.5 are used to

calculate the RV shift due to temperature variations, plotted in Fig. 3.2.
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Figure 3.2: Radial Velocity error due to temperature variation in Zerodur and ULE glass.

Since limiting temperature fluctuations is the main objective rather than
maintaining a specific temperature, the FP is being operated at a temperature
4°C-5°C above ambient. To obtain an RV precision of 1-10 m/s, fluctuations

in the temperature are limited to within +0.05 °C.
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3.4 Illumination angle errors

Since the transmission function of the FP also depends upon the angle at
which light is incident on the FP surface (Eq 2.1 and Eq 2.2), it is essential

to ensure that FP is illuminated uniformly.
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Figure 3.3: Radial velocity error due to variation in angle of incidence of light falling on
the FP.

Fig. 3.3 shows the RV error that can be introduced due to light falling
at a different incident angle on the FP surface. To keep this error below
the required RV limits, the angular divergence should be kept less than 16

arcseconds. Divergence angle in illumination can be introduced by:
1. Finite diameter of the fiber core.

2. Misalignment between fiber and FP.

3.4.1 Finite diameter of fiber

The effective finesse of the etalon depends upon reflectivity finesse, the con-
tribution from the surface finish, parallelism finesse and imperfect collimation
due to the finite size of the light source (Cersullo et al., 2017). The beam

divergence resulting from the finite size of the fiber core, depicted in Fig. 3.4,
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introduces loss in effective finesse and hence a shift in transmitted peaks

towards the shorter wavelengths.
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Figure 3.4: Cartoon depicting divergence in input light caused due to finite diameter of
optical fiber illuminating the FP.

Using the method discussed in Cersullo et al. (2017), we have simulated
the effect of different fiber sizes used for illuminating the FP and the RV
error induced by it, as shown Fig. 3.5. It is seen that as the fiber diameter
increases, the FP parameter and hence line quality degrades. This is because
a fiber with a larger core acts as an extended source, leading to imperfect

collimation.

3.4.2 Misalignment errors

Fig. 3.6 shows the angle in the illumination of FP caused when the fiber center
is not correctly aligned with the FP. Misalignment or decentering of the fiber
also causes line broadening and loss in effective finesse. Simulation of effect
on FP lines due to different values of decentering was performed using the
method suggested in Cersullo et al. (2017), and the RV error introduced by
the same was calculated. In Fig. 3.7, the red curve shows the ideal FP output
when there is no misalignment between the input optics and the FP. As the
misalignment in the fiber increases, the quality of FP lines degrade, as shown

by the purple and green curves.
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Figure 3.5: Top: Simulated transmission profile of FP for different fiber diameter. Bot-
tom: Radial Velocity error induced in spectra due to finite divergence of fiber. This helps
us in deciding the appropriate size of input fiber to be used to illuminate FP.
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Figure 3.6: Cartoon depicting divergence in input light caused due to misalignment
between the optical fiber and the FP. Pos 1 indicates no misalignment whereas Pos 2
indicates position of fiber not centered with respect to the FP.

3.5 Coating dispersion

For absolute wavelength calibration, the effective cavity spacing of etalon
should be known with an accuracy better than A A / A ~ 3 x 1078 for RV
precision of 10 m/s. This implies that the cavity width should be known
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Figure 3.7: Top: Simulated transmission profile of FP for different fiber decentering
value. Bottom: Radial Velocity error induced due to decentering of fiber. This helps us to
decide on the limit of the misalignment that can be tolerated for the targeted RV precision.

with an accuracy of 1.5 A However, in practice, the cavity mirror separation
cannot be measured with an accuracy better than ~ 1 ym (Bauer et al.,
2015). Determining the effective cavity width of the etalon and ensuring a
constant FSR is further compromised by the finite thickness of the multilayer
dielectric coating of the cavity mirrors. Photons of different wavelengths
penetrate to different optical depths, leading to wavelength dependency of
cavity spacing d(\). Therefore, the FP cavity lines, unlike LFC, will not be
precisely periodic. This is one of the factors that could limit the use of FP
for absolute wavelength calibration. The functional dependence of coating
dispersion can be predicted and corrected, provided the coating structure
is known (McCracken et al., 2017). It is also possible to model the slow
variations in FSR from the FP data taken with a high-resolution spectrograph.
For example, Bauer et al. (2015) used a spline function to extract out the
contribution of wavelength-dependent undulations of FSR. Another direct
approach is to externally cross-calibrate the etalon with primary sources such

as Fourier Transform Spectrograph or Th-Ar lamp (Wildi et al., 2010). Once
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a unique wavelength is assigned to each FP peak, a secondary wavelength
solution can be easily derived without the need to consider coating dispersion.
Another way to ensure a constant FSR across the wavelength range is to use

dispersion-free cavity mirrors (Ma et al., 2019; Chen et al., 2010).

3.6 Summary

The stability of the output of Fabry-Pérot is crucial for it to be used as a
wavelength calibration source, especially for high precision spectroscopy. To
avoid any drift in the FP lines during observation runs (both short and long
term), it is vital to ensure that the environmental requirements and opto-
mechanical aspects are met to the best of their capability.

Based on the considerations and calculations made in this chapter, the

design requirements for our instrument are listed in Table 3.1.

Table 3.1: Design requirements to achieve an RV precision about 10 m/s or better.

Design parameters | Required value

Pressure <1 mbar
Temperature stability +0.05 °C
Misalignment error < 5 pum

Fiber size < 100 pm




Chapter 4

Design of instrument !

4.1 Introduction

The instrument design comprises of two aspects, the opto-mechanical design
and the design for environmental stability, namely, pressure and temperature
control. Figure 4.1 gives an overview of the instrument at the component

level.

THERMAL INSULATION

HEATER
VACUUM ENCLOSURE w

CLUULUCEU D FIBER INPUT
LIGHT FABRY-PEROT WITH OPTICS J

FIBER OUTPUT TO SPECTROGRAPH
CALIBRATION UNIT

SOURCE C

TEMPERATURE ple >-

CONTROLLER THERMISTORS VALVE

Figure 4.1: Illustration of the complete set up of Fabry-Pérot based wavelength calibra-
tion system.

L Part of this chapter is published in Tanya Das et al., Proc. SPIE. 10702, 2018 and in
Tanya Das et al., Applied Optics Journal 59, 2020.
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The complete instrument comprises of the following components:

1. The Fabry Perot unit along with collimating lens and precision mounts.

2. Light delivery system using multimode fibers, fiber feedthroughs and
broadband light source.

3. Vacuum tank with pressure gauge, vacuum pump and electrical

feedthroughs.

4. Temperature controller with heaters and insulation.

4.2 Pressure control

Simple off-the-shelf components have been used to construct the enclosure.
A standard stainless steel cylindrical chamber of 333 mm length and 152 mm
diameter (shown in Fig. 4.2) has been used to house the FP unit.

Fixed Rotatable
flange flan qe A

1111111111

198

152.4

333

Figure 4.2: Schematic of vacuum enclosure being used to house FP and related optics.
All the dimensions mentioned are in mm.

Fiber feedthroughs are used to provide access to the optical fibers into and

out of the vacuum chamber. There are two types of feedthroughs available:

1. Penetrating feedthroughs have fibers directly running through them. It

uses soft sealant material compressed by an end cap, through which the
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fibers pass. The cap holds the sealant material that surrounds the fibre

and seals the hole.

2. Receptacle type uses two separate fibers on either side of the vacuum
flange. It consists of a short fiber stub that is sealed using vacuum glue.
The second fiber is placed close to the input stub. The issue with this
design is that the fibre ends are highly polished, and the airgap between

two fibres might result in etalon effect and casue light loss.

To avoid the light loss which occurs in the receptacle type feedthroughs,
we have designed and fabricated an in-house penetrating type feedthrough for
inserting the fiber into the chamber (Kirilov et al., 2014). An initial prototype

was made using a silicone plug, as shown in Fig. 4.3.

OPTICAL FIBER
FC CONNECTOR
FLANGE

FIBER JACKET

SRIPPED OFF AT SILICONE

THE PORTION PLUG

WHERE FIBER

PASSES

THROUGH THE

FEEDTHROUGH

Figure 4.3: A penetrating type fiber feedthrough developed using silicone plug. The fiber
is inserted into a cut made in silicone plug and then pressed using pressing plate from one
side.

To provide better sealing, the silicone plug was replaced by plugs made
of Viton material. The CAD design for the feedthrough is shown in Fig. 4.4.
A longitudinal slit along the plug is made, and the fiber is inserted radially
into the plug. The length of the plug is kept 1 mm more than the thickness
of the flange, and a pressing plate with a slit to accommodate the fiber is
screwed on the outer side of the flange to push the plug into the flange and
provide better sealing. During the operation of the pump, the plug gets pulled
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inwards under the influence of vacuum and seals off the opening, after which

the pressing plate on the outer side is tightened further.

1. Flange model
2. Viton plug
3. Pressing plate
4. M3 screws

Figure 4.4: Design of the penetrating type feedthrough fabricated in house.

A combination of roughing pump and turbo pump is being used to reach
the desired vacuum level. Pfeiffer HiPace 80 Turbo pump is being used be-
cause it gives the required pressure range with minimum vibration effects.
To avoid introducing any vibration into the setup, the pumps are kept away
from the main FP setup, and a bellow is used to connect the turbo pump with
the chamber to dampen any vibration. Pfeiffer vacuum Pirani gauge PKR
251 has been used for the measurement of the pressure inside the chamber.
The pressure stability of the setup has been tested, and a vacuum pressure of
0.03 mbar was achieved in laboratory tests. The data for pressure has been

logged for 8 hours in the laboratory test and is plotted in Fig. 4.5.

4.3 Temperature Control

In order to obtain stable reference lines using FP, minimum fluctuation in the

temperature inside the vacuum enclosure has to be ensured. To bypass the
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Figure 4.5: Pressure stability of the FP enclosure achieved during a laboratory test run.

need for cooling and to keep the hardware simple, we decided to operate the
instrument at about 5 °C above the ambient temperature, which is set man-
ually. A digital Proportional-integral (PI) controller was designed in-house
using Arduino Uno micro-controller and off-the-shelf electronic components

for temperature control, as shown in Fig. 4.6.
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Figure 4.6: Temperature controller circuit with Arduino Uno Microcontroller.

The enclosure is initially heated in a controlled manner so that the tem-

perature reaches a set point, after which the feedback loop in the controller
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maintains the temperature with minimum fluctuations. The block diagram

of the control process is shown in Fig. 4.7.

THERMISTOR

ANALOG
SIGNAL

VACUUM
CHAMBER

Pl CONTROLLER

Figure 4.7: Temperature controller block diagram. The temperature of the chamber is
sensed using thermistors and relayed to the Arduino board through an external 16 bit ADC
for further processing.

The nominal operating temperature for the enclosure is 5 °C above the
room temperature with fluctuations limited within 4#0.05 °C. Thermistors are
being used as temperature sensors. Four thermistors have been installed, two
inside through electrical feedthrough and two outside the chamber. Response
from the thermistor mounted on the inside wall of the chamber is used for
temperature control. Printed polymer PTC heating elements, connected in
series, are used to heat the chamber. Thermal insulation is provided by
nitrile rubber, and the entire setup is kept inside a Styrofoam box, acting as
an outer layer of insulation. Fig. 4.8 shows the complete laboratory setup of
the vacuum enclosure.

The temperature stability of the setup was also tested in the lab. The
test was conducted over 8.5 hours. The enclosure temperature could be main-
tained with the required stability as shown in Fig. 4.9. The maximum and
minimum deviations in the temperature were within +0.05 °C during the test

run.
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Figure 4.8: Complete instrument assembly with heaters and sensors in the laboratory.
Nitrile rubber insulation is not shown in this image.
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Figure 4.9: Left: Temperature controller performance shown in the plot. Temperature
from control sensor is given as input to the controller. Right: Zoomed in view showing the
temperature deviations from set point are maintained within +0.05 °C.

4.4 Opto-mechanical Design

The details of the optical components used are given in the following subsec-

tions.

4.4.1 Light source

We are using an intensity stabilized broadband fiber-coupled LED from
Thorlabs (model MBB1F1) as the light source, shown in Fig. 4.10. The
wavelength range of operation provided is 470 nm - 850 nm. The output

connector is fixed and compatible with SMA fibers. The light source was
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Figure 4.10: LED coupled broadband light source MBB1F1. Credits: Thorlabs

chosen due to its property of giving a flat spectral emission over a wide

range of wavelength, seen in Fig. 4.11.
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Figure 4.11: Performance of the bare LED used in MBB1F1. Credits: Thorlabs

4.4.2 Optical fibers

Optical fibers with a core diameter of 105 pm are used to carry light into
and out of the chamber, respectively. The fibers being used are low OH,
silica core step-index multimode fiber from Thorlabs (Model: M15L05).
The fiber has a core diameter of 105 ym, NA=0.22 and operates in the
wavelength range 400 nm - 2400 nm. The fiber attenuation plot is shown

in Fig. 4.12.
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Figure 4.12: Attenuation values with respect to wavelength for M15L05 optical fibers.
Credits: Thorlabs

4.4.3 Achromatic lens

Achromatic doublets are designed to keep the effect of chromatic aberra-
tion under control. Generally, it comprises two lenses made from glasses
with different dispersion values. The concave (negative) element and the
convex (positive) element are cemented together so that the chromatic

aberration of one element counterbalances the other.

Since the system is compact, achromat doublets (AC254-050-A-ML) of
focal length 50 mm are used to collimate and collect light from the FP.
The lenses are of 1”7 diameter and have AR coating for the wavelength

range 400 nm - 700 nm, the reflectance plot of which is shown in Fig. 4.13.

4.4.4 Fabry-Pérot Etalon

The FP etalon being used in the instrument setup is shown in Fig. 4.14.
It was custom built by SLS Optics Ltd., to our specifications. The cavity
spacing and FSR were decided based on the resolution of the spectro-
graph the calibration setup is designed for. For optimal sampling of
the FP lines on spectrograph CCD, the FSR of FP should be 2-3 times

more than the spectrograph resolving power. The resolution of Hanle
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Figure 4.13: Achromatic doublet visible anti-reflection(AR) coating. Credits: Thorlabs

Figure 4.14: The Fabry-Pérot etalon being used in wavelength calibration setup.

Echelle Spectrograph is R=60,000. Resolution of a spectrograph is given

by Equation 1.3. Converting the equation in terms of frequency (v) using

Equation 4.1

c
A= — 4.1
:, (4.)
We get,
v
= — 4.2

Using Equation 4.1 and Equation 4.2, for A = 600 nm, we get spacing
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between two lines to be Av = 8.3 GHz for the spectrograph. Hence,
the FSR for FP was decided to be 30 GHz. For the given FSR, using
Equation 2.6, the cavity length was calculated to be 5 mm.

The cavity mirrors were prealigned in the factory and securely sealed
inside an aluminium holder. Both mirrors have broadband (500-750 nm)
multi-layer coating. Fused silica was used as a substrate, and a low
thermal expansion Zerodur ring was used as a spacer between two flat
mirrors, forming a plane-parallel cavity which is a preferred configuration

for a white-light optical filter.

Although the high reflectivity coating(>90%) can produce narrow lines,
an average reflectivity of 60% was selected to ensure a uniform response
of the FP over the desired wavelength range of the spectrograph (400-
750 nm). Reflectance spectra of the cavity mirrors are shown in Fig.4.15.
Other specifications of the FP used in our setup are summarised in Table

4.1.
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Figure 4.15: Reflectance spectra of the Fabry-Pérot cavity mirrors measured with
monochromator. The spectra was provided by the manufacturer.

Light from the broadband light source is carried by the input multimode
fiber and is collimated using the achromat doublet, which illuminates the FP.

Light output from the FP is collected by another achromat doublet which fo-
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Table 4.1: Specifications of the Fabry-Pérot etalon

Etalon type Air spaced
Mirror material Fused Silica
Spectral coverage 500 — 750 nm
Cavity thickness 5 mm=+0.001 mm

Finesse ~6
Clear aperture 20 mm
Free Spectral Range 30 GHz
Coating reflectivity ~60%

cuses light into the output multimode fiber that carries light into the spectro-

graph. The end-to-end ray diagram of the optical setup is shown in Fig. 4.16.
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Figure 4.16: Ray diagram of the complete optical setup showing the beam path from
input fiber to output fiber, through the lenses and the Fabry-Pérot.

A stable mounting scheme for holding the FP unit with its light collimation
and collection optics is required. For this purpose, we have designed and
tested two different mounting schemes: a cage based mounting as shown
in Fig. 4.17 and a rail-based mounting as shown in Fig. 4.18. Cage based
mounting scheme has been used for characterizing the FP with a Fourier
Transform Spectrograph (FTS). Rail-based mounting scheme is being used
to hold the optical components inside the vacuum chamber because of its
stability, rigidity, and the design’s adherence to the size constraints.

Instead of using only one side of the tube for fiber feedthrough, in which
case the output fiber has to be bent and brought back to the same feedthrough,
fiber feedthroughs are installed on both sides of the tube so that the fiber can
go through and through, also avoiding the bending of fiber. For this purpose,
T couplers are being used on both sides, which also provides an additional

length to accommodate the fiber ferrules, hence taking care of the length con-
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Figure 4.17: CAD drawing of the cage based mounting scheme for holding FP and related
optics.
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Figure 4.18: CAD drawing of the rail based mounting scheme for holding FP and related
optics.

straint. The total height of the optical setup, including the rail, has been kept
within 115 mm, and the total length of the setup is 290 mm. This allows us
to have a stainless steel support platform that is 5 mm thick and welded at a
height of 10 mm from the base of the chamber. CAD drawing of this concept
is shown Fig. 4.19. The rail is mounted and secured on the support plate with
the help of four M6 countersunk screws. Fig. 4.20 shows the optical setup

mounted inside the chamber.



4.5 Summary 58

FABRY-PEROT
OUTPUT HOLDER
;)[Pg«:ISAL FIBER COLLIMATING
ADAPTER LENS MOUNT

| INPUT

OPTICAL
VACUUM FIBER

ENCLOSURE

Figure 4.19: CAD design of vacuum chamber with support platform and opto-mechanical
setup.
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Figure 4.20: Fabry-Perot assembly mounted on support platform inside the chamber in
laboratory.

4.5 Summary

Based on the required design parameters discussed in Chapter 3, we have built
a Fabry-Pérot based wavelength calibration system. It is a low-cost system,
designed and developed using off-the-shelf components with the temperature
controller and the vacuum enclosure developed in-house.

The optical components and the FP were decided based on the installed



4.5 Summary 59

specifications of the spectrograph. Two different schemes for the opto-

mechanical design of FP setup were developed and used in different testing
environments. We have also designed and machined penetrating type optical
feedthroughs for lossless transmission of light in and out of the vacuum enclo-
sure. The entire setup has been tested for temperature and pressure stability

in the laboratory, and the expected values for both could be reached.



Chapter 5

Performance test of

Fabry-Pérot !

5.1 Introduction
The performance of etalon has been tested with three different spectrographs:

1. Fourier Transform Spectrograph (FTS) facility at Bhabha Atomic Re-
search Center (BARC), Mumbai.

2. High Resolution Echelle Spectrograph on Vainu Bappu Telescope (VBT),

Kavalur.

3. Final installation and testing with Hanle Echelle Spectrograph (HESP),
Hanle.

The first two tests were conducted at normal temperature and pressure
without any environmental control. In this chapter, we will present descrip-
tions of the three spectrographs used for the purpose of testing the FP along

with discussions on the results obtained with them.

L Part of this chapter is published in Tanya Das et al., Proc. SPIE. 10702, 2018; in
Tanya Das et al., Proc. SPIE. 11447, 2020 and in Tanya Das et al., Applied Optics
Journal 59, 2020.
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5.2 FP performance test with FTS

5.2.1 Fourier Transform Spectrograph

Fourier Transform Spectroscopy (A’Hearn et al., 1974; Becker & Farrar , 1972)
is a technique that produces the spectrum of a source through modulation of
it’s radiation in time domain and Fourier transforming it. Fourier transform
spectrograph uses modified Michelson Interferometer setup with one of the
mirrors kept movable, inducing optical path difference. The intensity at the
output is measured at different positions of the movable mirror, which con-
verts the time delay into spatial coordinates. The interference between light
reflected off the stationary and movable mirrors hence produce a wavelength
dependent interferogram. The input spectrum can be constructed by per-
forming Fourier Transform on the same. Fig. 5.1 shows a schematic depicting

the working principle of F'TS.
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Figure 5.1: Schematic of a Fourier Transform Spectrograph based on Michelson interfer-
ometer setup. Credits: Saptari (2003)

The high resolution FTS facility at Bhabha Atomic Research Center
(BARC), Mumbai, houses Bruker IFS 125HR model of FTS, shown in Fig. 5.2.
The FTS can provide a high wavelength resolution of 100,000 over a wide
wavelength range, starting from 5 cm™? in far-IR to 50,000cm ™! in UV. It can

also provide a path length upto 4 m for the movable mirror. The spectrograph
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uses He-Ne laser as internal reference, which can be removed from light path

if not necessary.

Figure 5.2: Bruker IFS 125HR Fourier Transform Spectrograph. Credits: Bruker Optics

This F'TS has been used to characterise the parameters of FP, namely, cav-
ity length, FSR, interference order and full width at half maximum (FWHM)
of the FP lines. The internal reference (a frequency stabilized He-Ne laser)
of the FTS can provide an accurate wavelength estimation of the FP peaks.
The wavelength position of the FP lines is not known beforehand since it is
solely determined by the cavity length d and the interference order m which
is unknown. To determine the position of FP lines and other characteristics
of FP, a complete scan of the FP over the visible wavelength range (500-750
nm) is taken using FTS. This aids in generation of a map of wavelength ver-
sus FP peak number which can be used to produce a high fidelity wavelength

solution model for the spectrograph.

5.2.2 Results

For the purpose of the test, the etalon was mounted on a cage assembly, as
shown in Fig. 5.3. The collimated output from the FP directly illuminates

the FTS input port, to obtain transmission spectra at a resolution of 100,000.
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Figure 5.3: Image of FP mounted in a cage assembly for testing with FTS.

FTS spectra of the FP has been analysed and the FP parameters pro-
vided by manufacturer were compared with the results obtained from the

test. Fig. 5.4 shows the spectra of FP as obtained from FTS.
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Figure 5.4: Left: FP transmission spectra with broadband LED light source. Right: A
narrow slice of the spectra clearly showing the equispaced FP transmission peaks. The
theoretical transmission as obtained by datasheet calculations (blue curve) have been over-

plotted.

During the analysis, we found that Gaussian fit to the individual FP lines
provides a better approximation to line center and line width. We determine,
from the data, the FSR for each wavelength and the FSR variation is plotted
in Fig. 5.5. A 2" order polynomial is fit through the varying FSR, the residue

between the actual values and the fit is determined, RMS value of which is
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9.42 x 1078, A small gap in the spectra around 633 nm is due to the presence

of a strong He-Ne laser line that is used as a frequency reference for scanning

the FTS.
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Figure 5.5: Top panel: FSR variation as a function of wavelength. A second order
polynomial is fit through the obtained FSR. Bottom panel: Residual between polynomial
fit and actual data. The periodic spikes in the residuals are RF pickup by the FTS from
the drive electronics of the LED light source.

To investigate the impact of coating dispersion (see section 3.5) in our FP,
we looked for systematic variations in FSR. Other than random scatter, the
measured FSR did not show any noticeable trend that can be attributed to
coating dispersion. It is, therefore, likely that coating used in our FP had
nearly a flat response.

The FWHM of all the FP lines have also been calculated. The variation
of FWHM across the wavelength range is shown in Fig. 5.6. It was seen
that the FSR of the FP lines remain unchanged when compared to the FSR
from the theoretical calculations. An increase in FWHM of the lines was
observed as compared to expected theoretical values. The values of FSR
and FWHM obtained from FTS data and calculated theoretically, have been
plotted simultaneously in Fig. 5.7 to show the comparison.

The average cavity width of etalon was calculated to be 4.999 mm (cavity
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Figure 5.6: FWHM variation calculated from FTS data as a function of wavelength.
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Figure 5.7: Top panel: The FSR determined from FP transmission spectra taken with
high-resolution FTS and the expected values computed from the etalon parameters specified
in the FP datasheet. Bottom panel: FWHM computed from FTS data and the expected
value determined based on datasheet parameters.

length provided by manufacturer is 5 mm + 0.001 mm). The cavity width
of etalon is not constant throughout and varies as a function of wavelength.
This is due to the soft coating on the FP, which causes different penetration

depth for photons of different energy (Bauer et al., 2015). Hence, cavity
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widths vary for photons of different wavelength. Therefore, along with mean
effective cavity width, cavity width as a function of wavelength d(\) also has
to be determined. From the FSR values obtained by fitting the polynomial
and Equation 2.7, we calculate the cavity width at each wavelength and the
average cavity width of the etalon. Plot of cavity width as a function of
wavelength is shown in Fig. 5.8. Apart from a random spread around 4.999
mm, we don’t see any functional dependence of the coating dispersion on

cavity length variations.
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Figure 5.8: Effective cavity length variation as a function of wavelength. The periodic
spikes seen in the data were traced to the SMPS power supply used for driving our broad-
band LED light source.

Wavelength obtained from FTS has also been used to determine the ab-
solute interference order of FP transmission lines. For FP, a transmission
maxima is obtained whenever interference condition is fulfilled, which is given

by:

MmAm = 2d, (5.1)

where m is an integer called interference order, A, is the wavelength of trans-
mission maxima and d is effective cavity width of FP.

We can only get a relative numbering k, from observed spectra, by count-
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ing the FP lines. This is related to interference order m by the relation:

kE=m—ml, (5.2)

where m1 is order of the first transmission peak.

We use the assumption that penetration depth is a smooth function of
wavelength and hence a smooth function of relative interference order k
(Bauer et al., 2015). An initial guess for m1 can be made using Equation 5.1
with the value of effective cavity width d and wavelength of the first peak.
With the initial guess for m1, a set of values of effective cavity width is ob-
tained, which is modelled by fitting a cubic spline. This process is repeated by
varying the value of m1. Average effective cavity width is calculated for each
m1 value from the fitted data and the difference between the effective cavity
width and average effective cavity width is obtained. Plotting this difference
in cavity width as a function of relative peak number using the correct value
of m1 will give distribution of data points around a nearby constant value.
A positive slope is produced for small value of m1 and a negative slope for
large value of m1, as suggested by Bauer et al. (2015). The value of m1 which
gives minimum penetration depth variation is chosen, which is m1=13332 as

seen from Fig. 5.9.

5.3 FP test with VBT Echelle Spectrograph

5.3.1 High resolution Echelle spectrograph on Vainu
Bappu telescope

The Echelle Spectrograph installed on 2.3 m Vainu Bappu Telescope (VBT) in
Kavalur, India is a general purpose spectrograph. It is designed for perform-
ing high-resolution spectroscopic observations, including stellar abundance
analysis, the study of pulsating variable stars, the determination of chemical

abundances of stars, and probing stellar and galactic kinematics.
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Figure 5.9: Difference between the effective cavity width(d) and average effective cav-
ity width(avg_d) for different absolute interference order numbers ml. The green curve
corresponding to m1 = 13332 shows the minimum variation.
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Figure 5.10: Optical design of the spectograph showing different components. Input
optics to the spectrograph slit is shown in the zoomed in version. Credit: Sireesha et al.
(2019)

The optical layout of VBT Echelle spectrograph is shown in Fig. 5.10.
Light from f/3 primary of the telescope is fed into a 45 m long 100 pm
multimode fiber placed at telescope prime focus. Light at the fiber exit is
focused by f/3 to f/5 converter input optics onto the slit. Light passing
through the slit is collimated using an /5 collimator of focal length 755 mm
and directed to cross dispersing prism. The prism’s output is given to echelle
grating with a groove density of 52.67 grooves/mm. The reflection grating

operates in quasi-littrow mode and feeds light back into the cross dispersing
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prism. The collimator acts as a camera in the return path, focusing light onto
a 4k x 4k CCD. VBT echelle spectrograph is a low-cost, compact instrument
that utilizes collimator and prism in double pass (N.K.Rao et al., 2005).

Table 5.1: Spectrograph component specification (Sireesha C. et al., 2018)

Component Specification
. Field of view: 60mm diameter, Focal length:
Collimator
755mm

Cross dispersing

. Apex angle: 40°, Base size:126 x 165mm
prism

Groove density: 52.67 grooves/mm, Blaze
angle: 70°

Echelle Grating

The specification of the major spectrograph components are tabulated
in Table 5.1. The echelle grating operates at a blaze angle of g = 70°
(N.K.Rao et al., 2005) allowing a resolution of R=60,000. Wavelength cov-
erage offered by the instrument is 4000-10,000 A with a limiting magnitude
of V<10. Iodine absorption technique has been implemented for precision
RV studies (Sireesha et al., 2018). Long term stability of the spectrograph is
not yet established due to it being a general purpose instrument. However, a
drift of about £1 pixels (£1000 m/s) (Sireesha et al., 2019) is observed over
several nights.

The spectrograph operates in quasi littrow mode with =1.1° (N.K.Rao et
al., 2005). Prism placed in the light path before the grating causes partial
dispersion of light before passing it on to the grating. This results in an
out-of-plane angle of grating, which causes a tilt in slit image as a function
of wavelength at the detector (Sireesha C. et al., 2019). This tilt limits the
Radial Velocity (RV) precision achieved by the spectrograph. Distortion in
the system has been modelled and estimated to be 400 m/s (Sireesha et al.,
2019).
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5.3.2 Results

Preliminary test of the etalon has been conducted at VBT. The FP spectra
was taken at normal temperature and pressure. Rail based design scheme for
holding the FP and related optics, has been used for the purpose of this test
as shown in Fig. 5.11. The output from the FP was fed to the calibration
fiber that carries light to the telescope, from where it is picked up by another
fiber and fed to the spectrograph.

OUTPUT TO FABRY-PEROT INPUT FROM

SPECTROGRAPH
ETALON LIGHT SOURCE

Figure 5.11: Image of the setup used for taking FP spectra with VBT Echelle spectro-
graph.

Fig. 5.12 shows the spectra obtained from the Echelle spectrograph using
a 200 pum optical fiber to illuminate the FP. Total number of FP lines detected
were 2617.

Gaussian profile is fit to individual FP lines and the FSR and linewidth
at each wavelength is determined from the data. The values of FSR and
linewidth of FP were found to be more than the values obtained from FTS
data. Upon further inspection, we found that the broadening was caused due
to misalignment errors and finite fiber divergence as explained in section 3.4.

We changed the input fiber to a 100 um core diameter fiber and used a laser
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Figure 5.12: Fabry-Perot spectra obtained from VBT Echelle spectrogaph using a 200
pm optical fiber at the input.

and a 10 um fiber setup for alignment of the optics with FP. We observed
a significant improvement in the FP output data. Fig. 5.13 shows the two-
dimensional spectra of FP as observed with VBT Echelle Spectrograph. A
total of 4032 FP lines were detected across 20 orders of the spectrograph.

Figure 5.13: High Resolution spectra of FP obtained from VBT Echelle, taken at normal
room temperature and pressure. Top panel: Full CCD frame of the spectra. Bottom Panel:
Zoomed-in view showing the FP lines.
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The FSR and FWHM of the FP lines across each order were calculated
and have been plotted in Fig. 5.14 and Fig. 5.15 respectively.
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Figure 5.14: FSR of the FP lines plotted with respect to the wavelength, for the identified
orders. The gaps in the data are attributed to wavelength breaks from order to order.
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Figure 5.15: FWHM of the FP lines plotted with respect to the wavelength, for the
identified orders. The gaps in the data are attributed to wavelength breaks from order to
order.

On analysis of the spectra, we observed almost no change in the Free
Spectral Range (FSR) of FP. However, a significant increase in the FWHM
of the FP lines was noticed, which has been shown in Fig. 5.16. VBT Echelle

Spectrograph is a general purpose spectrograph which is not temperature
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and pressure stabilized. The stability issues faced by the spectrograph have
been discussed in detail in Sireesha C. et al. (2018). The FP data obtained
from this, hence showed blended lines in first 300 A of the wavelength range
(hence, discarded), increased line width along with curvature in all orders and

artifacts at the edges, as seen in Fig. 5.17.
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Figure 5.16: Top panel: The FSR determined from FP transmission spectra taken with
VBT, high-resolution FTS and the expected values computed from the etalon parameters
specified in the FP datasheet. Bottom panel: FWHM computed from VBT spectra, FTS
data and the expected value determined based on datasheet parameters. We see a sig-
nificant increase in the FWHM values for VBT data. The FSR of the FP lines remain
unchanged.

5.4 FP installation on Hanle Echelle Spectro-
graph

5.4.1 Hanle Echelle Spectrograph (HESP)

HESP is a high-resolution general purpose spectrograph designed to perform
a wide range of scientific studies, including the capability to conduct RV stud-

ies of host stars of exoplanet (Sriram et al., 2018). It is installed on the 2 m
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Figure 5.17: The FWHM of Fabry—Perot lines obtained in two adjacent orders showing
scatter at the edges. The red line shows a second order polynomial fit to the data to depict
the curvature in FWHM.

Himalayan Chandra Telescope (HCT), located at Indian Astronomical Obser-
vatory (IAO), Hanle, which lies at an altitude of 4500 m above sea level. HESP
covers a wavelength range of 3500-10000 A. HESP operates from a tempera-
ture stabilized room with temperature kept at 16°C. It works in two modes:

low-resolution mode (R=30000) and high-resolution mode (R=60000). The

spectrograph comprises of four units:

Cassegrain unit (CU): mounted on one of the telescope’s side ports, the

CU acts as an interface between the spectrograph and telescope.

Spectrograph unit: mounted on a vibration isolated optical table in a

temperature-controlled environment

Calibration unit: houses wavelength calibration lamps and flat lamps
with color balancing filters. Light from this unit is carried to CU at the

telescope using calibration fibers.

CCD detector system: It is a 4k x 4k E2V-231-84 LN2 cooled detector
with 15 pm pixel size.

The optical layout of HESP is shown in Fig. 5.18. The spectrograph design
is based on while pupil layout. £/9.2 beam from HCT first passes through a
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pair of atmospheric dispersion correctors. The beam is converted to /3.6 and
fed to the fiber using two identical lens doublets. At the exit of the science
fiber, three lenses produce an f/75 beam for the image slicer. The slicer used
is a modified version of the classic Bowen-Walraven image slicer. The slicer
is used only in high-resolution mode, R=60000. Regardless of mode, a large
field lens gathers the light, and with the help of a small doublet lens, it forms
a telecentric image at the slit.

Slit @ gjit Mirror Tiber Input

Echelle
Fold Mirror

Cross Dispersers

CM1
mm

o7 ior A

CM2 1% Image slicer

=EE Field lens

M3
Ch4 -1 Pupil

FF and

Detector # Spectrograph Slit

Collimator

Figure 5.18: Optical layout of Hanle Echelle Spectrograph. Credits: Anantha C. et al.
(2015)

The spectrograph is made into a compact system by using a folding mirror
arrangement. HESP uses a collimator in triple pass with baffling to separate
incoming and reflected beams from the collimator. Input beam from spectro-
graph slit is f/10.45 and is collimated by an off-axis portion of a 1850 mm focal
length parabolic reflective collimator. The R2.15 echelle grating with 52.67
lines/mm and two cross dispersing prisms having an apex angle of 55° pro-
duces a required wavelength coverage but with considerable wavelength over-

lap in successive orders.
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Finally, the cross-dispersed orders are imaged onto the detector using an
/2.7 camera. The detector has been tilted to take care of the achromatic
requirement on the camera and improve the overall state of correction (Sri-
ram et al., 2018), causing an overall global tilt in the spectra. Apart from the
global tilt and a small tilt introduced due to curvature of orders, the optical
design of HESP does not introduce any large tilt into the individual spectral

lines. The specifications of the spectrograph are summarized in Table 5.2.

Table 5.2: Specifications of Hanle Echelle Spectrograph (HESP). (Sriram et al., 2018).

Spectral Coverage 3500-10000 A
Echelle grating R2.1
. 30000 (without image slicer)
Resolution 60000 (with image slicer)
RV Accuracy 20 m/s with dual fiber mode
Stability 200 m/s (over a night)

Efficiency (includes telescope) ~22% peak (at ~600 nm)

5.4.2 Results

STYROFOAM INSULATION

INPUT FIBER

NITRILE RUBBER
INSULATION

VACUUM GAUGE

TEMPERATURE
CONTROLLER

HEATER POWER
SUPPLY

ROUGHING PUMP

Figure 5.19: FP setup installed in the spectrograph room at Indian Astronomical Obser-
vatory, Hanle.

Fig .5.19 shows the etalon based calibration system installed on HESP. The
FP is kept in a temperature controlled vacuum chamber with two layers of

thermal insulation. The operating temperature for FP is 19°C and operating
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pressure is 2.5 x 1072 mbar. The output from the FP is fed to the calibration
unit through a fiber of 100 pm size. The calibration unit holds the flat and
Th-Ar light sources and the main calibration fiber of 100 um size that carries

light into the spectrograph. The calibration unit has been shown in Fig. 5.20.

1. FP output fiber
2. Collimating lens
3. Flat lamp

4. Th-Ar lamp

5. Calibration fiber

Figure 5.20: Calibration rack of HESP with the FP output fiber integrated into the rack.

A zoomed in version of the spectra obtained from HESP in low resolu-
tion mode (R=30,000) is shown in Fig 5.21. The spectra obtained in high
resolution mode (R=60,000), is shown in Fig. 5.22, the split in the lines indi-
cating the use of an image slicer. FP lines were found across 22 orders of the
spectrograph.

Gaussian profile is fit to individual FP lines and the FSR and line-width
at each wavelength is determined from the data, which has been plotted in
Fig. 5.23 and Fig. 5.24 respectively. Total number of FP lines detected were
6624 across the wavelength range 500-750 nm. Initial level of calibration of
FP data has been done using Th-Ar to determine the wavelength of FP lines.

Preliminary reduction and analysis of FP calibration frames have been
carried out in IRAF (Doug T., 1986, 1993) and Python. It is observed that
the FSR values match the expected value from F'T'S observation and datasheet
prediction, shown in Fig. 5.25. However, the FWHM shows an increase in
value compared to FWHM values obtained from FTS observation and as

expected from datasheet calculations, as seen in Fig. 5.25. Since HESP is
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Figure 5.21: Fabry-Pérot spectra obtained from HESP at low resolution, R = 30,000. A
part of the spectra is presented here to show the FP lines clearly. Low resolution mode of
HESP does not use an image slicer.
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Figure 5.22: A high resolution (R=60,000) Fabry-Pérot spectra obtained from HESP. Top
panel: A full CCD frame of the spectra. Bottom left panel: Zoomed in version focusing a
part of the spectra. Bottom right panel: Portion of an extracted spectral order showing
the well resolved FP lines.

temperature stabilised, the FWHM values obtained are lesser than the values
obtained from VBT. This decrease is also due to the fact that the FP with
related optics was operating in a temperature and pressure controlled setup,

thereby solidifying the need for environment control.
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Figure 5.23: FSR of the FP lines plotted with respect to the wavelength, for the identified
orders. HESP design causes significant overlap between subsequent orders.
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Figure 5.24: FWHM of the FP lines plotted with respect to the wavelength, for the
identified orders. HESP design causes significant overlap between subsequent orders.

Examination of FP calibration frames show that the spectrograph has
a characteristic presence of field curvature and distortion introduced by the
optics. Along with the increase in values, we have observed a curvature in
FWHM in all the orders of the spectra. Apart from this, the instrumental
artifacts are also seen at the edges of each order as shown in Fig. 5.26. This
opens up new possibilities of spatially mapping the spectrograph point-spread

function and other artifacts from the FP spots. Incorporating such input
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Figure 5.25: Top panel: The FSR determined from FP transmission spectra taken with
HESP, high resolution FTS and the expected values computed from the etalon parameters
specified in the FP datasheet. Bottom panel: FWHM computed from HESP spectra, FTS
data and the expected value determined based on datasheet parameters. An increase in
the FWHM values for HESP data is observed. The FSR of the FP lines remain unchanged.

would help us in developing a better wavelength solution for the spectrograph.
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Figure 5.26: The FWHM of Fabry-Perot lines obtained in two adjacent orders showing
scatter at the edges for HESP data. The red line shows a second order polynomial fit to
the data to depict the curvature in FWHM.
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5.5 Discussion

We have conducted preliminary tests of the FP based calibration system with
FTS, VBT Echelle Spectrograph and have installed the setup and tested it
with HESP. Table 5.3 shows the comparison among values for finesse and

cavity width as obtained from the test data.

Table 5.3: Comparison of FP parameters obtained from datasheet, FTS and HESP.

FP Parameter | Datasheet | FTS test | VBT data | HESP data
Cavity Width 5 mm 4.999 mm | 4.993 mm 5.002 mm
Finesse 6 2.73 1.88 2.16

The observed differences in the values can be attributed to the degradation
of optical coating of the FP since its purchase 5 years back. We have used
100 pm fibers for illuminating FP for the tests, thereby the loss in finesse
can also be due to the finite size of the optical fibers. During the analysis
of the test results from HESP, we observed artifacts like curvature and tilt
in lines in the spectra, increasing the value of line-width to more than the
expected value, thereby reducing the effective finesse of the FP. This aspect
is discussed in detail in Chapter 6.

Since FP is a stable source that provides a large number of uniformly
spaced lines of equal intensity, the artifacts and aberrations of spectrographs
clearly show up in the reduced data. This can help in better prediction and
removal of artifacts of the instrument, leading to a better estimation of the

final wavelength calibration model.



Chapter 6

Curvature and tilt correction of

high resolution spectra !

6.1 Introduction

The benefits provided by echelle spectrographs also come with several short-
comings. In order to accommodate the spectra effectively on the detector,
optical components, such as slit or camera, are often adjusted, leading to the
introduction of artifacts and aberrations like distortion, defocus and tilted
lines. Curvature in the spectrograph orders can arise due to the cross dis-
perser, whose dispersion direction is perpendicular to the Echelle grating
(Sireesha C. et al., 2018). The tilt in individual lines in the spectrum are
caused due to the cross disperser and Echelle grating working on two differ-
ent planes (operating in quasi-Littrow mode). During post-processing, most
of these factors are neglected, which leads to the addition of errors.

The presence of tilt in calibration and spectral lines are an artifact that can
add unwanted error to the final result if not taken care of in post-processing.

In general techniques, the binning of data is done normal to the dispersion

LPart of the work presented in this chapter is submitted to Tanya Das et al., Applied
Optics Journal 60, 2021.
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axis, and hence if the tilt in spectral lines is not considered, the resulting 1D
data may show an increase in the FWHM of the lines and also cause blending
in some cases. This is because, in the case of tilted lines, the intensity is
distributed over several pixels, which, when binned along the slit direction,
gives a broadened line and wrong flux values, as shown in Fig. 6.1. The

broadened spectral line also results in the degradation of spectral resolution.
=-I
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Figure 6.1: A cartoon depicting the effect of tilt on the FWHM of the lines.

The tilt in the slit image at the detector is a function of wavelength (Robin-
son & Latham, 1988). It also compromises the attainable accuracy in RV
measurements if not adequately taken care of or modelled by the extraction
software (Ireland et al., 2018). Disentangling the tilt related shifts in line
centroid position from the RV shift is essential for RV studies. The point
spread function (PSF) is predominantly the response of the instrument to an
object or point source. The instrumental aberrations of the system already
broaden the energy distribution for the point spread function (PSF). The tilt
is an artifact of the system, which causes further broadening of the line. Re-
moval of this artifact can hence facilitate the effort of predicting instrument
PSF by removing one of the dependent factors, in cases where it is necessary
to generate a PSF map of the instrument and its variation during an obser-

vation run. Measuring the tilt can also help in the study and estimation of
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instrument aberrations, for example, a better prediction of distortion in the
system.

We have used FP and Th-Ar calibration data to assess and remove the
tilt and curvature being introduced by the instrument. Spectrographs like
Magellan Inamori Kyocera Echelle (MIKE) spectrometer (Bernstein et al.,
2003) and X-shooter (D’Odorico et al., 2006) show highly tilted spectral lines.
The tilt removal algorithm developed as part of this study has been tested
on X-Shooter and MIKE Th-Ar calibration data.

6.2 Review of existing techniques for tilt and
curvature removal

In order to obtain calibrated science quality data, the two-dimensional spec-
trograms obtained from the spectrograph have to be processed and the spec-
trum extracted. Software like IRAF Doug T. (1986, 1993) can be used for
general reduction purpose. Many spectrographs have dedicated state of the
art pipeline for preparation and reduction of the 2D spectra. A brief de-
scription of the method adopted in X-Shooter and MIKE pipeline has been
discussed along with a new algorithm called PyReduce developed for the same

purpose.

Figure 6.2: Zoomed in Th-Ar calibration spectra from X-Shooter showing highly curved
orders along with large tilt in spectral lines.

X-Shooter is a single target spectrograph of medium resolution (R~ 4000-
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17000), installed at the Cassegrain focus of ESO’s Very Large Telescope (VLT)
(Vernet et al., 2011). The output of this spectrograph consists of highly
curved orders with tilted spectral lines, shown in Fig. 6.2. Due to this, spe-
cial measures are taken for wavelength calibration and optimal extraction of
the spectra, as described in Goldoni et al. (2006, 2008). X-Shooter pipeline
is written in ANSI C. Separate pinhole mask arc frames are taken for com-
putation of initial guess for wavelength solution and determine spatial and
wavelength scale calibrations. A polynomial interpolation, constructed us-
ing multi-pinhole frame, is used for transforming detector coordinates into
a function of wavelength (determined by the guess solution), order number
and position on the slit that allows the removal of order curvature and line
tilts. The physical model of the instrument can also be used to determine the
wavelength position on detector. Finally, the detector pixels are oversampled
in 2D and linear interpolation is used to find the slit profile which is then
collapsed over user defined slits. A detailed description of the entire pipeline
can be found in Modigliani et al. (2010).

The Magellan Inamori Kyocera Echelle (MIKE) is a high resolution, dou-
ble echelle spectrograph installed on the Magellan II telescope at Las Cam-
panas Observatory, Chile. Fig. 6.3 shows the Th-Ar calibration spectra as
captured in the red arm for a slit size of 0.7 inches. A dedicated pipeline is
available for data reduction (Bernstein‘et al., 2015) using IDL with a Python
alternative. After the standard image processing involving overscan removal
and flat fielding, a 2D wavelength image is generated by using Th-Ar arc
frame to derive a 1D wavelength solution along the center of each order. For
each order, the high SNR arc lines are identified and their tilt is measured
as a function of wavelength and echelle order. The centroid of each line is
traced across the order and best fit line for each arc line is used to calculate
the slope. A 2D Legendre polynomial is fit to the calculated slopes for every
order and the slope values interpolated from the solution for areas with less

density of Th-Ar lines. A unique wavelength is assigned to the center of all
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the pixels falling within the echelle order by using the derived wavelength
solution and the arc line tilts. This is done across full CCD pixels and a
wavelength image is generated which is finally used in the optimal extraction
of the orders. A similar method is adopted by MAGE Spectral Extractor
(MASE) (Bochanski et al., 2009)

Figure 6.3: Zoomed in Th-Ar calibration spectra from red channel of MIKE at 0.7” slit
setting, showing tilted lines.

The new REDUCE package (Piskunov et al., 2021) adds to the earlier
version of the developed package (Piskunov & Valenti, 2002) by incorporat-
ing tilted and curved slit images. The method follows a slit decomposition
algorithm, where the 2D image of the spectral order is represented by slit illu-
mination and spectrum, sampled on the detector. The shape of slit image is
modelled by taking strong and unblended emission lines in a wavelength cali-
brated spectrum and fitting a 2D Gaussian to each of the line image. The tilt
and curvature variations across the order is combined by fitting a polynomial
and interpolating to all the columns. Optimal extraction is then performed
keeping in mind the calculated tilt and curvature.

All data reduction pipelines are spectrograph specific and involves com-
plex mathematical modelling that focuses on the overall optimal extraction of
the science spectrum by incorporating for the tilt and curvature while extract-
ing the spectrum. For example in case of X-Shooter, separate multi-pinhole
exposure frames are used to prepare a mathematical model for tilt and cur-
vature in spectrum. In case of MIKE, only high SNR Th-Ar lines are used
to calculate line tilts, which is then interpolated to predict line tilts across
the order. The proposed method has been primarily developed for HESP

spectrograph, which has no tilt and curvature correction currently employed
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in the pipeline, hence it will act as a new addition to the pipeline. The al-
gorithm discussed in this paper takes a much simpler approach, using image

processing methods to calculate and correct for the lines.

6.3 Methodology and algorithm

We have developed a routine that corrects the curvature in spectra and re-
moves the tilt of the individual spectral lines. Image processing tools in
Python, namely, Scikit-Image (Van der Walt et al., 2014) and OpenCV (Brad-
ski et al., 2000) were used for this purpose.

6.3.1 Aperture Tracing

The first step in the process is to identify the position of all the apertures
in the spectra. The position of all these apertures are saved as higher-order
polynomials (2 or above), depending on which, the apertures are then ex-
tracted. This is called tracing of the apertures, and a continuous spectrum
like that of a flat lamp is used for this purpose. Tracing of apertures was
performed following the CERES routines described in Brahm et al. (2017).
The traced aperture for HESP is shown in Fig. 6.4, where the global tilt in

the spectra discussed in 5.4.1 can be observed.

6.3.2 Order extraction

After all the apertures were traced, they are extracted in the next step. The
aperture size (apsize) was chosen based on the extent of every aperture in the
cross dispersion direction. While choosing the aperture size, the inter-order
separation in the spectra is kept in mind in order to avoid any overlapping
of the mask with consequent orders. Intensity values in the aperture were
extracted by creating a mask using Bivariate Spline (Zhou et al., 2013) and
sampling at every 0.5 pixels. Mask extent was decided from (y0 — apsize/2)
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Figure 6.4: Apertures detected from flat lamp spectra for HESP. A total of 55 apertures
were detected. The global tilt in the spectra is discernible in the figure.

to (y0 + apsize/2) in step size of 0.5, where y0 is the traced polynomial. An

example of the traced mask is shown in Fig. 6.5.

Figure 6.5: Aperture extraction mask, in red, over plotted on the spectra, for one par-
ticular order. There is no overlap of the mask with neighbouring orders.

6.3.3 Curvature removal

Correction of the tilt in individual spectral lines should be preceded by curva-
ture and global tilt removal, if any. For removing the curvature and straight-
ening the new array, extracted points were stored in a separate array row-wise.
The intensity data extracted from the first row was stored in the first row
of the new array and so on. Stacking each straightened aperture in order of
their extraction reproduced the entire spectra without the curvature. Part of

the spectra before and after curvature removal is shown in Fig. 6.6.
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Figure 6.6: Depiction of the curvature and global tilt correction in HESP. Top: Part of
the original spectra with curvature. Bottom: The curvature corrected and stacked aperture
frames.

6.3.4 Tilt calculation and removal

The tilt is now computed in curvature removed result. Routine was tested on
both FP and Th-Ar calibration frames (in X-Shooter and MIKE). Since the
spectra have lines with distinguishable edges, we have used the Canny edge
detection technique (Canny, 1986) for determining the boundaries of each
tilted line. The correction was performed individually on each aperture. The
selection, tilt calculation and correction procedures are entirely automated.

The algorithm for tilt correction is as follows:

e Load the required aperture and take a central y-cut through the aper-

ture.

e Smoothen the data obtained from y-cut using Gaussian smoothening,

depicted in Fig. 6.7

e Detect the peak values in smoothened data and save the x-position
corresponding to the peaks, plotted in Fig. 6.8. This generates position

information for all the lines present.

e (Calculate the difference between adjacent peak positions. This gives
the separation between two peaks. Take the median value of differences

obtained. Construct a boundary array with xpeakposition + median /2
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Figure 6.7: Application of Gaussian smoothening on reduced FP data from HESP. Red
curve indicates the original FP data, black curve is the smoothened data overplotted on
original. A zoomed version is presented to show individual lines clearly.

50 -

\l

TN

200 225 250 275 300 325 350 375
CCD Row (Pixels)

w
o

Intensity

N
o

Figure 6.8: Detected peaks from the smoothened data marked with star on the orginal
reduced FP lines from HESP. A zoomed version is presented to show the peak positions

clearly.

being edge positions. This is done to avoid overlapping of each FP line

boundary when the final corrected array is reconstructed.

e Use the boundary array to construct a box and isolate the region of

interest in a separate array. Calculate the y-extent of the separated box
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to include areas with FP data present and avoid background noise.

e Since Th-Ar spectra does not have equally spaced lines of uniform inten-
sity, mean thresholding is performed, and a binary image is generated,
example of which is shown in Fig 6.9. The transitions from 0 to 1
and vice versa determine the boundary array values mentioned in the

previous step.

Original image

A | [ |

I o o T R Y

Figure 6.9: Binary thresholding performed on one of the apertures of X-Shooter Th-Ar
calibration frame. This is done to detect medium SNR lines. Top: Original extracted
aperture. Bottom: Result of Binary thresholding.

e The centroid and tilt angle (slope) are determined using function region
prop in Scikit processing package on each calibration line. The centroid

value is taken as the reference position (x0,y0).

e Every pixel is shifted with respect to the reference position (x0, y0)
determined above, using Eq. 6.1 (Dubs & Schlatter, 2015; Dubs &
Maeda, 2016). Function warp in the scikit-image processing tool is

used for shifting pixels according to the calculated z value.

Ts = r’ — (y/ - yO) X Sl0p67 (61)

e The result of the algorithm applied on one tilted line is shown in Fig. 6.10.
Top panel shows the corrected image and bottom panel shows the effect
of correction on the FWHM of the line. The corrected line is stitched
into the reconstructed main array using the boundary values determined

before. This is done to make sure that the FSR of the data is not altered.
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Figure 6.10: Representation of tilt correction. Top panel: Correction algorithm per-
formed on one Th-Ar line to show how the tilt is removed. Original line shows the tilted
line and corrected line is the result after correcting for tilt. Bottom panel: Binning done
across y-axis to generate 1D plot for both the lines. It can be observed that the tilt correc-
tion drastically reduces the line-width from 12.44 before correction to 6.14 after correction.

6.4 Tilt correction results

The developed method has been tested on Fabry-Perot calibration spectra of

HESP. In order to ascertain the capability of the algorithm, we looked into

spectrographs with highly tilted lines and performed the tilt corrections on

the Th-Ar calibration spectra from X-shooter and MIKE.
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6.4.1 HESP

The FP calibration frame of HESP has been shown in Fig. 5.22. Tilt calcu-
lation is preceded by curvature removal and global tilt correction described
in the previous section. FP lines exist across 22 orders of the spectra, and
in Fig. 6.11 we show the representative plots for six orders: two top orders,
two central orders and two bottom orders. The calculated tilt for FP lines is
plotted along with a linear fit to the points. In HESP, we do not see a smooth
variation in tilt angle after removal of curvature. The weak trend in the data,
however, is still visible, as illustrated in the Fig. 6.11. The wavelength de-
pendence of tilt is indicated by the slope of the linear fit to the tilt values,
which increases from lower-order (7.75 x 107¢ for order 25) to higher order
(1.46 x 107° for order 46). The tilt values are more scattered because the
HESP design does not introduce a large tilt in the individual lines, causing
the noise level in the spectra to come into the picture. For spectrographs in
which it is known that the design introduces appreciable tilt, the scatter in
the tilt angles are less, as will be seen in forthcoming sections.

Fig. 6.12 shows the uncorrected and corrected orders, plotted along with
their similarity and difference image for one order. Structural Similarity Index
(SSIM) is used to determine the similarity between two images, +1 indicat-
ing the most similar images and -1 indicating the images are very different
(Wang et al., 2004). SSIM image and difference image are computed between
the original order and corrected order.

Since HESP does not show any visible tilt, the FWHM of each FP line
across the order is plotted in Fig. 6.13 before and after the correction.

The number of lines that show a decrease in FWHM is determined and
the finesse for every order is calculated. Not all the FP lines show a decrease
in FWHM), especially the lines at edges, which can show an increase. This is
because of low SNR at the edges due to the non-uniform illumination of the

detector. Hence the correction is not performed effectively at these regions.
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Figure 6.11: Tilt angle variation of FP lines across several spectrograph orders. The solid
black line shows a linear fit to the data, and the dotted line shows a two sigma clipping
boundary. Any point outside this boundary is rejected as an outlier during the fit. The
scatter in the plot indicates the low tilt value in HESP spectra.

A total of 6624 FP lines were detected across 22 orders with this algorithm,
and a reduction in FWHM of 5417 lines was observed after using the tilt
correction procedure, thereby correcting 82% of the lines. The overall finesse
value also improves from 2.167 to 2.208. The FWHM and finesse values for
all orders are tabulated in Table 6.1.

6.5 X-Shooter?

Th-Ar calibration frames have been used to test the tilt correction algorithm.
Unlike FP, Th-Ar does not provide equispaced lines of uniform intensity,
which makes line detection across the order tricky. The method applies well
on high to medium SNR arc lines. Fig. 6.14 shows binned corrected Th-Ar
order overplotted on binned uncorrected order.

Fig. 6.15 shows the images of three uncorrected and corrected orders, plot-

2Data obtained from the ESO Science Archive Facility under request number 609319
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Figure 6.12: Zoomed in view of three tilt corrected FP spectral orders, taken with
HESP. Original order is the image before tilt correction. Corrected order is the image after
correction. SSIM image shows the similarity image, 1 being the parts where the images are
similar. The similarity index is mentioned for each order. The difference image shows the
normalized mathematical difference computed between two images, 0 being no difference
regions.

ted along with their similarity image and difference image calculated between
the original order and the corrected order.

X-shooter introduces visible tilts in the spectra, with the tilt amplitude
being ~ 1.5-2 times the HESP tilt values. Hence the calculated tilt values

show less scatter than in HESP. Fig. 6.16 shows the comparison between the
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Figure 6.13: Comparison of FWHM of FP lines across an order before and after tilt
correction. Values marked with blues stars show the FWHM of lines before correction.
Values marked with red circles show the FWHM values of the same lines after correction.
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Figure 6.14: Zoomed in version showing few lines in the binned order before and after
tilt correction. They have been overplotted to show that the code does not introduce any
other artifacts into the data.
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Table 6.1: Summarised result from tilt correction on HESP data.

Order| Original | Corrected| Total | Peaks Peaks
no. mean mean fi- | peaks| with in- | with de-
finesse | nesse creased creased
FWHM FWHM

25 2.161 2.175 360 75 285

26 2.250 2.300 355 45 310

27 2.224 2.224 349 182 167

28 2.255 2.288 343 44 299

29 2.209 2.233 337 60 277

30 2.231 2.259 332 68 264

31 2.217 2.235 326 87 239

32 2.165 2.211 321 10 311

33 2.172 2.179 315 95 220

34 2.053 2.151 309 2 307

35 2.057 2.115 304 14 290

36 2.052 2.071 297 53 244

37 1.982 2.089 290 0 290

38 2.035 2.122 287 1 286

39 2.081 2.076 282 164 118

40 2.123 2.140 276 55 221

41 2.124 2.168 270 8 262

42 2.166 2.184 265 67 198

43 2.236 2.314 260 2 258

44 2.291 2.326 254 11 243

45 2.336 2.332 249 164 85

46 2.257 2.387 243 0 243

slope values before and after correction. Most of the outliers in the data

coincide with low SNR lines.

6.6 MIKE?®

Since Th-Ar spectra do not share the same properties as FP spectra, only

high to medium SNR lines are detected and corrected. We have performed

the analysis on both blue and red channels of the spectrograph for data with

slit settings of 27, 0.77 and 0.35”. We will be presenting results of all the

3Data obtained from the LCO on request
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Figure 6.15: Tilt correction of Th-Ar spectra taken with X-Shooter. (a) Original spec-
trum before the tilt correction. (b) Th-Ar spectrum after tilt correction. (c¢) SSIM image
showing the similarity image. The regions with highest similarity in the images corre-
sponds to 1. (d) Difference image shows the normalized mathematical difference computed
between two images, 0 being no difference regions. The similarity index is mentioned for
each order.

settings mentioned for the top, middle and bottom order.

Fig. 6.17 and Fig. 6.18 show the corrected and difference images for the
2”7 slit setting of the spectrograph in the blue and red channel respectively.
The tilt in lines before and after correction is visible in the figure. Figure 6.19
shows the slope values before correction and after correction for spectra with
2”7 slit width in both blue and red channels.

Fig. 6.20 and Fig. 6.21 show the corrected and difference images for the
0.77 slit setting of the spectrograph in the blue and red channel respectively.
Fig. 6.22 shows the corrected slope values for 0.7” slit data in both blue and

red channels.
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Figure 6.16: Slope values plotted for the uncorrected (black stars) Th-Ar lines and the
corrected lines (red circles) for X-Shooter. The uncorrected slope values follow a clear
trend. The scatter arises due to the attempt to calculate slopes of low SNR lines. The
slope of the Th-Ar lines have been reduced after correction, the only deviation arising
around the low SNR lines.

Fig. 6.23 and Fig. 6.24 show the corrected and difference images for the
0.35” slit setting of the spectrograph in the blue and red channel respectively.
The corrected slope values for 0.35” slit setting is plotted in Fig. 6.25 for both
blue and red channels.

We find a nearly similar performance while comparing the outcome of
MIKE pipeline with our algorithm. Fig. 6.26 shows comparison between the
FWHM of extracted Th-Ar lines by MIKE pipeline (lw1) and by the discussed
algorithm (lw2). The difference between (w1l and (w2 has also been plotted,
a positive difference obtained when [w1 is greater than [w2. The values have
been calculated for one order of Th-Ar spectrum obtained in red channel
using slit widths of 0.35”, 0.7”7 and 2”. For 0.35” slit width, MIKE pipeline
gives 19% + 7% mean reduction in the FWHM of the Th-Ar lines whereas
our algorithm gives 20% + 7% mean reduction in the FWHM. For 0.7” slit
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Figure 6.17: Orders after tilt correction of Th-Ar lines for 2”7 slit setting of MIKE in
the blue channel. (a) The image of order before tilt correction. (b) The image of same
order after correction. (¢) SSIM image shows the similarity image, 1 being the areas with
maximum similarity. (d) Difference image shows the normalized mathematical difference
computed between two images, 0 being no difference regions.
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Figure 6.18: Orders after tilt correction of Th-Ar lines for 2” slit setting of MIKE in
the red channel. (a) The image of order before tilt correction. (b) The image of same
order after correction. (c¢) SSIM image shows the similarity image, 1 being the areas with
maximum similarity. (d) Difference image shows the normalized mathematical difference
computed between two images, 0 being no difference regions.
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Figure 6.19: Slope values plotted for the uncorrected (black stars) Th-Ar lines and the
corrected lines (red circles) for 27 slit setting of MIKE. The uncorrected slope values show
a clear trend. The slope of the Th-Ar lines have been reduced after correction. The scatter
in data is due to the attempt to calculate and correct for the low SNR lines.

width, MIKE pipeline gives 11% =+ 4% mean reduction in the FWHM of the
Th-Ar lines whereas our algorithm gives 10% + 4% mean reduction in the
FWHM. For 2” slit width, no significant change in line-width is observed for
both the methods, even though the tilt can be seen reducing down close to
zero in Fig 6.19. This can be due to the slit being wide as compared to the

other two, causing decrease in spectral resolution.

6.7 Discussion

Analysis of the FP spectra acquired through HESP led us to the observation of
discrepancies between the expected FP line FWHM (obtained with FTS) and
the FWHM of the lines obtained with the spectrograph. This motivated us
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Figure 6.20: Orders after tilt correction of Th-Ar lines for 0.7” slit setting of MIKE in
the blue channel. (a) The image of order before tilt correction. (b) The image of same
order after correction. (¢) SSIM image shows the similarity image, 1 being the areas with
maximum similarity. (d) Difference image shows the normalized mathematical difference
computed between two images, 0 being no difference regions.
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Figure 6.21: Orders after tilt correction of Th-Ar lines for 0.7” slit setting of MIKE in
the red channel. (a) The image of order before tilt correction. (b) The image of same
order after correction. (c¢) SSIM image shows the similarity image, 1 being the areas with
maximum similarity. (d) Difference image shows the normalized mathematical difference
computed between two images, 0 being no difference regions.



6.7 Discussion 103

Order 12 Order 19 Y Order 28 . *
0.10- -- x T e
w g
e BT BT o
ok *
0.05 * *** * % * ¥ % ] *
2 * * xo * ¥
= o *.& ** ‘ o x* * °
° ° C) ® o0 o [ & o % ®
) -..‘&ﬂd. > Soep @ o o WS S ®e-- o OSome Weo, o
£ L4 A ) ° e & .'. ® S ® ®e
g ° 2
o
»n —-0.05- s
-0.10- -- --
Blue channel Blue channel Blue channel
Order 11 Order 20 Order 28
0.10- % -- --
*
*
0.05- * 1 1
é . .*. * * A
S *eo ° A ° % o o ° °
I 0.00.00\ .'0§o“‘ @** 0% - . ¢ qp g‘.‘o‘.‘:"%" el T ® .*"' . °
£ °q ° .' ° % o e °
g - . . o .
o o *K,® K x * *
» -0.05- * % A, o Fw - i 3 x * N
e I R L A {“,W&MMN N R
* Joagglen WK Fx o ak
—o.10] 1 Lk e WK * % i
*
© Red chgnnel Red channel Red channel
0 500 1000 1500 2000 O 500 1000 1500 2000 O 500 1000 1500 2000
Peak position (Pixels) Peak position (Pixels) Peak position (Pixels)

Figure 6.22: Slope values plotted for the uncorrected (black stars) Th-Ar lines and the
corrected lines (red circles) for 0.7” slit setting of MIKE. The uncorrected slope values
show a clear trend. The slope of the Th-Ar lines have been reduced after correction. The
scatter in data is due to the attempt to calculate and correct for the low SNR lines.

to examine the factors that can cause the increase in line-width. Performance
of the FP degrades over the years due to deterioration of the optical coating.
An additional reason for the increase in line-width was found to be the tilt
in the FP lines, caused due to curvature in the orders. The HESP design
does not introduce any significant tilt in the data. Hence it is not visually
discernible in the spectra. Although the amount of the tilt is small, it is
important to take care of this artifact in post-processing in order to maintain
the performance of FP.

Tilted lines in echelle spectra are artifacts often introduced by the curva-
ture in spectra or due to the design of the spectrograph itself. It is essential
to eliminate this artifact in order to avoid the introduction of any errors in

the data while post-processing. A possible way is to avoid binning the data
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Figure 6.23: Orders after tilt correction of Th-Ar lines for 0.35” slit setting of MIKE in
the blue channel. (a) The image of order before tilt correction. (b) The image of same
order after correction. (c¢) SSIM image shows the similarity image, 1 being the areas with
maximum similarity. (d) Difference image shows the normalized mathematical difference
computed between two images, 0 being no difference regions.
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Figure 6.24: Orders after tilt correction of Th-Ar lines for 0.35” slit setting of MIKE
in the red channel. (a) The image of order before tilt correction. (b) The image of same
order after correction. (¢) SSIM image shows the similarity image, 1 being the areas with
maximum similarity. (d) Difference image shows the normalized mathematical difference
computed between two images, 0 being no difference regions.
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Figure 6.25: Slope values plotted for the uncorrected (black stars) Th-Ar lines and the
corrected lines (red circles) for 0.35” slit setting of MIKE. The uncorrected slope values
show a clear trend. The slope of the Th-Ar lines have been reduced after correction. The
scatter in data is due to the attempt to calculate and correct for the low SNR lines.

and analyzing the flux at a single-pixel location. However, this technique
will result in lesser flux values and hence less SNR in the data. Binning the
2D spectrum in the usual way is done vertically, i.e. along the slit direction.
When a tilted line is binned vertically, it results in wrong flux values at each
binned pixel as well as a decrease in spectral resolution due to the broadening
of the line, and hence wrong wavelength when the final calibration is per-
formed. The tilt is not constant and varies as a function of wavelength across
the spectra. This also affects the accuracy with which we can determine the
centroid positions of spectral lines, which is crucial in the case of high pre-
cision RV studies. To avert the miscalculations arising from binning a tilted
line vertically, either the binning could be performed along an oblique axis

or a simpler way is to find out the obliquity of each spectral line and correct
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Figure 6.26: Performance of the developed algorithm with respect to MIKE pipeline.
The blue triangles represent FWHM of uncorrected tilted lines. The black cross indicates
FWHM of lines obtained after reduction with MIKE pipeline. The red circles indicate
FWHM of lines obtained after reduction with discussed algorithm. Green stars indicate the
difference between the line-widths obtained from MIKE pipeline and discussed algorithm.

for it. We employ the latter method to remove the tilt by automating the
detection of each spectral line, computing the line’s slant, and then compen-
sating for it, so that the standard post-processing techniques can be applied
as usual.

We have developed a simple algorithm for curvature and tilt correction in
high-resolution spectra. The algorithm is written in Python and uses image
processing techniques for finding individual line slant values and correcting for
them. We have demonstrated the algorithm on FP calibration spectra from
HESP. We have also performed the tilt corrections on the Th-Ar calibration
spectra from X-shooter and MIKE using the method discussed. We noticed

visual improvement in tilts of the lines after the application of the algorithm.
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We also calculated the tilt values of each line before and after correction and
found a reduction in the absolute value of the slope after correction, thereby
indicating the efficacy of the algorithm. Currently, the main limitation of the
algorithm is its inability to deal with very low SNR/faint lines (SNRj6) and
blended lines in Th-Ar spectra which results in small but noticeable increase in
F'WHM. This is partly due to the fact that algorithm was primarily developed
keeping in mind the uniform line density provided by FP or LFC. This issue
can be addressed either by filtering out or setting an appropriate threshold
on the SNR for correction. We plan to incorporate this feature in the future

upgrade.



Chapter 7

Summary and Future Work

7.1 Summary

Spectroscopy helps in investigating the physical and chemical properties of
astrophysical sources. Some of these astrophysical phenomena require the
need for higher precision to understand their inherent properties. The lim-
itation of traditional wavelength calibration techniques is one of the major
barriers in high precision spectroscopy. The thesis revolves around the do-
main of preparing an existing facility for high precision spectroscopy by the
use of a Fabry-Pérot etalon as a source of wavelength calibration. FP based
wavelength calibrator, when properly stabilized, can aid in overcoming the
obstacles offered by the traditional techniques, at affordable costs.

The novel features of this thesis are:

e Entire instrument is designed and built in house, which includes the
opto-mechanical design, construction of temperature stabilized enclo-
sure, design of temperature controller and continuous fiber feedthrough

for the vacuum enclosure.

e High precision radial velocity measurements require wavelength calibra-

tion specific to the spectrograph. Hence, the design of our instrument is
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based on the requirements of HESP and differs significantly from other

existing designs of FP based wavelength calibrators.

e This method helps in analyzing the design artifacts of the spectrograph.
A generic algorithm has been developed to counter two such artifacts,
namely curvature and tilt in high resolution spectra. This algorithm
provides a much simpler approach towards correcting the said artifacts,
is more robust and can be adapted to other calibration techniques like

Th-Ar and LFC.

The main aim of this thesis was to develop a passively stabilized Fabry-
Pérot etalon based instrument to be used as a wavelength calibration source
in HESP to conduct radial velocity studies with the spectrograph with a
precision of 10 m/s over one observation night. We have studied the various
factors that affect the stability of the FP lines, and the design parameters
like pressure, temperature, and opto-mechanical stability have been decided
accordingly, as tabulated in Table 3.1. The design of the instrument has been
discussed in detail in Chapter 4. Two different opto-mechanical setups, cage
based and rail-based, were tested, and the setup offering more stability was
chosen for the final design, i.e. rail-based scheme. The entire instrument had
been assembled and tested in the laboratory to confirm that the pressure and
temperature requirements are being met.

The FP has been tested with FTS to confirm the parameters offered by the
manufacturer, and the results were used to calculate the absolute interference
order. Analysis of the results obtained from the testing of FP setup with
VBT echelle spectrograph was performed to fine tune the opto-mechanical
design to meet the angular stability requirements. The complete setup has
been installed on HESP, and preliminary tests were carried out to check the
performance of FP with HESP. In Chapter 5, the results from all the tests
have been shown. A difference in finesse values was observed, which can be

caused due to the degradation of the optical coating of FP over a period of
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5 years. It also has to be kept in mind that the computed finesse is just the
ratio of the distance between FP peaks and the observed line-width. Hence,
it is not an accurate depiction of the quoted FP finesse since the FP lines are
convolved with the instrument profile of the spectrograph. If the line-width
is dominated by the resolution of the spectrograph, the computed finesse will
be lowered.

The results obtained from FP observations with HESP served as a moti-
vation towards developing an algorithm for the removal of instrument design
artifacts that can increase the line-width of the FP peaks. This algorithm
provides a simple way of tilt correction in high resolution spectra that can be
used for all general purpose spectrographs. The removal of such artifacts will
also eventually lead to developing an accurate wavelength calibration model
for the FP calibration setup. When applied to our FP data, the algorithm
was able to reduce the line-width of 5417 lines out of a total of 6624 lines ob-
served. The algorithm has been verified with data from spectrographs with
known high tilts and curvature like X-Shooter and MIKE.

An essential aspect of this thesis is to prepare HESP for RV studies.
With various sky transit survey satellite missions coming up, the requirement
of ground-based RV follow-up observations become important to determine
the mass and other orbital parameters of new exoplanets. Equipped with a
technique for precise calibration and tracking instrumental shifts, HESP can
conduct follow-up observations of some of the targets identified by the space

missions.

7.2 Future Work

7.2.1 Upgrading the vacuum enclosure design

We are making the system more compact and replacing the cylindrical vacuum

chamber with a rectangular, custom-designed chamber of size 50cm x 25 cm x
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20 cm. The chamber has already been fabricated by Vacuum Techniques Ltd
and is shown in Fig. 7.1. The chamber is designed with five ports available
for electrical feedthrough, optical feedthrough, connecting to turbopump and
vacuum gauge. The top part of the chamber comes with a detachable lid
with handles to make the assembling of the FP and related optics inside the
chamber easier. A rectangular viton O-ring is provided for proper placement
and sealing of the lid while the chamber is in operation. The entire enclosure
is mounted on a custom made table and fixed on four hinges, maintaining a
clear distance between the tabletop and the bottom of the chamber. Polymide
flexible heaters of appropriate size, according to the new chamber, will be used

for heating.

Figure 7.1: The new rectangular vacuum chamber that will be used for future upgradation
of the instrument.

Instead of using 100 um fibers at the input side, 50 pm will be used, apart
from which the opto-mechanical setup remains unchanged. For the input
fiber, we will be using low OH content Optran® WF optical fiber. The fiber
has a silica glass core of diameter 50 ym and NA=0.22. The wavelength range
of operation is 300 nm - 2400 nm. The attenuation plot of the fiber is shown
in Fig. 7.2.
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Figure 7.2: Attenuation values with respect to wavelength for Optran® WF optical fibers.
Credits: CeramOptec®

7.2.2 Development of wavelength calibration model

The peak positions in an etalon are decided by the cavity length and interfer-
ence order m. The actual position of the peaks in an FP is not known, hence,
it requires an external source for absolute calibration. Tilt and curvature cor-
rection performed on the data removes any ambiguities in the measurement
of these peak positions. A wavelength calibration model will be developed
using the techniques employed in (Bauer et al., 2015; Cersullo et al., 2019).
The absolute interference order has been determined using the FP obser-
vations taken from FTS. The wavelength calibration models are specific to
the individual spectrographs. Th-Ar calibration files of the spectrograph are
being used to carry out the initial wavelength marking of the FP lines. HESP
spectrograph is equipped with dual fibers for science and calibration frames,
respectively. With few optical design changes of the HESP calibration unit,
FP and Th-Ar frames can be taken simultaneously, hence leading to a more

accurate prediction of FP based wavelength calibration model.
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7.2.3 On sky observations

During a real observing run, several factors influence the stability of the
spectrograph, which require a good understanding of the system’s behaviour
due to environmental changes and the operation of the observatory during
the night. An appropriate calibration sequence needs to be worked out to
mitigate these errors.

Observation of radial velocity standard stars, telluric lines and the labora-
tory calibration sources need to be carried out to study these effects. Scientific
observations to validate the achievement of required RV precision have to be
conducted at the telescope facilities. Since the main aim is to provide ac-
curate calibration throughout the spectra for a wide range of wavelengths,
the effect of stellar pulsations on the exoplanet radial velocity signal can be

separated.

7.2.4 Active calibration

In this design, the FP etalon is being operated in transmission with only
environmental control. This is termed as passive calibration. A passively sta-
bilized etalon can suffer from frequency drifts due to various reasons, including
aging of spacers in etalons (Wildi et al., 2009), degradation of dielectric mirror
coatings in the long term (Banyal & Reiners , 2017), changing environmental
conditions as well as changing the illumination (Sturmer et al., 2017).
Active stabilization of etalon involves tracking the change in position of
etalon lines in real-time and then correcting for it by referencing them to an
atomic transition which serves as an absolute scale. This can be done by
locking one line of FP etalon to the laser frequency of a stabilized diode laser,
which is in turn locked to a rubidium standard (Sturmer et al., 2017; Reiners et
al., 2014). Any drift in the cavity length can be corrected by a piezoelectric
transducer, which can modulate the cavity length. Long term stability of FP

etalon is hence directly tied to the long term stability of Rubidium reference
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lines. This leads to the achievement of more precise wavelength calibration
and hence, more precise RV measurement. The concept of actively tracking

the etalon to a rubidium reference is depicted in Fig. 7.3.

Spectrograph
White Light b |—) *'fl ""‘L’ql{‘l“’lfrsr W! - ’1\"%}'\1(”“
Source Telescope ) | L Wy
' VA ANANA NN
Monoblock dual-finesse FPI = [‘. NN il
\VAVAV. v’ VU \u VA

Calibration lines

> M
: Sharp resonance
Feedback E
| — L
A BS RF spectrum
ECDI.-ZIL‘ ;I Rb-cell | - \ BS |, analyzer
v
Feedback PD

Figure 7.3: Schematic depicting the active tracking of the etalon cavity using laser locking.
The red block is the FP that produces calibration lines for an echelle spectrograph. The
green block signifies the high finesse etalon that acts as an external reference to lock diode
laser’s frequency (ECDL-1) to the calibration FP cavity. The high-speed photodetector
PD records the RF-beat signal produced by interference between the Rb-locked ECDL-2
and the cavity-locked ECDL-1. Any observed change in the beat frequency translates to
the drift in cavity spacing. Credits: Reiners et al. (2014)

Laboratory experiments are planned for actively measuring and control-
ling cavity length drifts. A high finesse etalon will be used for this purpose.
An external cavity diode laser (ECDL) will scan rubidium reference lines and
one full line of FP etalon. The error signal due to the drift of the etalon
line against rubidium reference will be used for correction and hence actively

stabilize the etalon.
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List of Corrections

I thank the examiners for their valuable comments. I have revised the thesis
on the suggested lines and addressed the concerns raised by the reviewers.

Following are the list of corrections made in the thesis.

Second Examiner comments:

1. Comment: My main concern is that for the FP, the FSR should be 3-
4 times the FWHM, from Fig.5.22 - Fig.5.24, it is less than this. Before
installing the calibrator to the spectrograph, improvement should be made.

Reply: This is a valid concern and the suggestion will be taken into ac-

count. We will be using a new Fabry-Perot etalon for the final installation on
the spectrograph/telescope.
2. Page 55, Chapter 4, Section 4.4.4. Comment: The sentence “An average
reflectivity of 60% was selected because a high reflectivity coating(>90%)
produces narrow line-width, leading to the inadequate sampling of FP lines
on the CCD” From my understanding, in the spectrograph design, the CCD
could resolve the spectra line determined by the PSF, the FP should produce
narrow line-width, ideally the delta function.

Reply: In page 55, the sentence “An average reflectivity of 60% was se-
lected because a high reflectivity coating(>90%) produces narrow line-width,
leading to the inadequate sampling of FP lines on the CCD” is replaced by
“Although the high reflectivity coating(>90%) can produce narrow lines, an
average reflectivity of 60% was selected to ensure a uniform response of the
FP over the desired wavelength range of the spectrograph (400-750 nm)” to
address the referee’s comment.

3. Page 9, Fig.1.5. FP calibration spectra taken with HESP. Comment:
If 'm writing the thesis, I would like to use the spectra taken from other
spectrograph as an example.

Reply: As per the suggestion by the referee, the FP calibration spectra
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taken with HESP is replaced by FP calibration spectra taken with HARPS
spectrograph. A relevant caption has been added along with a new reference
(Cosentino et al., 2012) for the figure.
4. Cover page. Comment: Check the date November 2021

Reply: Since the thesis was submitted to the University in November 2021,
the month and year of submission has been mentioned on the cover as it is.
However, the month of submission (November) has been removed from the

cover page as per University guidelines.



