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Abstract

The current generation of astronomical spectrographs can measure radial velocity signals of ex-
oplanets down to a few ms™!, in ideal cases even 60cms~! can be achieved. This led to the
discovery of rocky planets with masses of only a few times the mass of the Earth, orbiting their
host stars within days or weeks. However, Earth only produces a radial velocity shift of about
9cms~! during its one year orbit around the Sun. Thus, the radial velocity precision of astronom-
ical spectrographs has to be improved by at least one magnitude in order to find these planets,
even though the radial velocity signal of Earth-like planets in the habitable zone of low mass stars
would be larger.

Currently, a large fraction of the radial velocity uncertainty of astronomical spectrographs is
due to the wavelength calibration. The established methods, e.g. using Hollow Cathode emission
lamps as a wavelength reference, do not provide the precision needed for finding a second Earth.
They also do not work particularly well in certain wavelength regions which could otherwise be
used to find planets, for example the near infrared.

One of the candidates for an improved wavelength calibration at the sub ms™! level, especially
in the near infrared, are Fabry-Pérot etalons. This thesis explains how a Fabry-Pérot unit was
developed for the upcoming CARMENES spectrograph and how it will be able to achieve a radial
velocity stability of 10 cms~!. Simulations of the impact of temperature, pressure and mechanical
stability on the resulting radial velocity performance have been made. The results confirm the
feasibility of using a Fabry-Pérot unit for the wavelength calibration of an astronomical spectro-
graph with a radial velocity precision of the order of 10cms™! and provide first requirements for
the unit.

Additionally, the effect of fibers in combination with Fabry-Pérots has been investigated. A
close relation between certain fiber properties and the resulting spectrum has been found which
impacts the radial velocity precision of Fabry-Pérot units in general. The final setup of the
Fabry-Pérot unit for CARMENES was designed and developed accordingly. The setup and the
components used are explained and first light measurements are shown.
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Chapter 1

Introduction

Finding planets around other stars than
our sun has been a driver for both technology
and scientific methods. Since the discovery
of the first exoplanet around a Sun-like star
by Mayor and Queloz (1995) more than 1000
planets in over 800 planetary systems have
been found! with a variety of methods and
telescopes. Detected planetary masses range
from over 20 Mpath (e.g. Sato et al., 2010),
which technically falls into the brown dwarf
mass regime, down to below 2 Mga¢n (Mayor
et al., 2009; Dumusque et al., 2012). How-
ever, all masses for detections with the radial
velocity method are lower limits due to the
unknown inclination angle.

There are different ways to find exoplan-
ets, e.g. direct imaging of the planet, mi-
crolensing, transit observations or the radial
velocity (RV) method. The RV method makes
use of the Doppler effect, which changes the
frequency of the light of moving objects (blue
shifted for approaching objects and red shifted
for receding objects), see Fig. 1.1 for an il-
lustration. The relationship between the ob-
served frequency f and the emitted frequency
fo for velocities much lower than the speed of
light is given by:

C

f= <1+“’”_”8> fo (1.1)

where c is the speed of light and v, — vy
is the velocity of the receiver relative to the
source (negative if they are moving away from

WWW.exoplanet.eu

each other). The host star and its planet are
orbiting around their common center of grav-
ity, which is usually inside the diameter of the
star itself due to its large mass compared to
the planet. Hence, if the movement of that
star has a component towards (or away from)
the earth, the light of that star is blue- or red
shifted. If one observes the light from such
a planet hosting star using a spectrograph,
one can see the spectral lines of the star being
shifted back and forth compared to a calibra-
tion source that is moving with the observer
(e.g. earths atmospheric lines or hollow cath-
ode lamps like ThAr). Measuring the shift
in frequency therefore gives the relative speed
between the observer and the star by using
Eq. 1.1. Kepler’s third law can be used to de-
termine the distance of the planet to the star
and Newton’s law of gravitation provides the
velocity of the planet and finally the planetary
mass as a lower lower limit.

The amplitude of the RV signal scales with
both inverse distance and mass of the planet:

_1
K, =0.0895a"2 M, 2 M, sin(i) (1.2)

with K, being the RV amplitude in m s71, the
semi-major axis a in AU, the stellar mass in
solar masses Mg, the planetary mass in Earth
masses M, and the inclination angle 7. The
inclination angle can not be determined by the
RV method and therefore all resulting plane-
tary masses for exoplanets are lower limits.
For example the RV signal of the Sun due

to the presence of Jupiter is 12.7ms~! over a
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HOST STAR

EXOPLANET

Figure 1.1: Functional principle of the RV method. The host star and its planet orbit
their common center of gravity. Thereby the light of the star is being red- or blue shifted
by the Doppler effect, depending on its motion (source: ESO).
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Figure 1.2: Habitable zone for different stellar masses, e.g. for Gliese 581 and the Sun
(source: ESO).



period of 12 years while our Earth only pro-
duces a velocity of 0.09ms™! over one year.
Putting Jupiter at a 1 AU orbit would increase
the RV shift of the Sun to 28.4ms~! and a so
called Super-Earth with a mass of 5 Mg,¢n at
an orbit of 0.1 AU would result in a 1.4ms™!

RV signal.

Particularly interesting are planets inside
the habitable zone (HZ) of a star. The HZ
is defined as the region around a star within
which a planet with sufficient atmospheric pres-
sure can support liquid water on its surface.
For example Mars is well within the HZ of our
Sun, just like the Earth, but does not have the
atmospheric pressure to create a greenhouse
effect and therefore sustain water on its sur-
face. As shown in Fig. 1.2 the HZ is closer to
the star for low mass stars, e.g. for M-type
stars. Thus it is much easier to find a rocky
planet (between 1 and 5 Mpga1) in the HZ of a
low mass star than around a sun-like star since
the RV amplitude is much higher for close in
planets (see Eq. 1.2). Additionally, their or-
bital period is much shorter - while the Earth
is orbiting the Sun in one year these planets
are orbiting their host star within days or a
few weeks. Therefore finding their RV signal
does not necessarily require permanent obser-
vations over years but only weeks.

In order to use the RV method one has to
measure the spectrum of the target star with
a spectrograph. Astronomical spectrographs
exist in many different designs, however the
basic principle is almost always the same: The
light from the telescope is sent to an echelle
grating as the dispersive element and a detec-
tor (e.g. a CCD for visual or a CMOS for in-
frared light) is then used to measure the light
intensity as a function of wavelength. In many
cases the light is also send through a cross dis-
perser in order to distribute the echelle orders
over the detector to get a more efficient wave-
length coverage per exposure on the detector
chip.

The realization of the basic concept is dif-
ferent for every spectrograph. Different op-
tical elements are used depending on the de-

sired features of the spectrograph in question
(see e.g. Figs. 3.1& 7.1 for the XSHOOTER
and CARMENES designs). Some spectrographs
are directly mounted at the telescope (for ex-
ample XSHOOTER (Vernet et al., 2011)), some
are fiber fed (e.g. HARPS (Mayor et al., 2003))
and some do also imaging and polarimetry
(e.g. FORS2 (Appenzeller et al., 1998)). For
high precision RV measurements the following
requirements should be fulfilled: High resolu-
tion (at least R = % = 50,000), sufficient
pressure and temperature stabilization, me-
chanical stability and a wavelength calibra-
tion which is able to correct for instrumental
drifts. High resolution is needed to measure
the spectral stellar lines with a precision high
enough to actually see the blue- or redshift.
High stability is required so that the RV sig-
nal is not lost in the noise of the drift of the
spectrograph itself due to changes of exter-
nal parameters like temperature and pressure.
Finally, the wavelength calibration has to be
better than the RV amplitude that is going to
be measured.

The best stability is usually achieved by
using a fiber fed spectrograph inside a temper-
ature stabilized vacuum tank. The prime ex-
ample for this design is HARPS (Mayor et al.,
2003) at the 3.6 m telescope at La Silla. It is
an instrument dedicated to the discovery of
extrasolar planets with the RV method with
a long term RV accuracy on the order of 1
ms~! and better. HARPS is using the simul-
taneous Thorium reference method (Baranne
et al., 1996), meaning one of its two fibers is
fed with light from the telescope while the sec-
ond one is fed with light from a calibration
source (usually a ThAr lamp). Both spec-
tra end up next to each other on the CCD
and the calibration spectrum can be used to
create a wavelength solution and also to cor-
rect for instrumental drifts in between mea-
surements. This has proven to be an ideal
setup for RV measurements with RV preci-
sions down to 20 cms~! for one night (Lovis
and Pepe, 2007). Figure 1.3 shows HARPS
RV measurements of HD 69830 with the phase
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HD 69830 HARPS

P = 8.67 days
| msin(i) = 10.2 M

P = 31.6 days
msin(i) = 11.8 My

Radial velocity [m s!]
o

msin(i) = 18.1 My

L L L L 1 L n n
0 0.5 1
Orbital phase

Figure 1.3: HARPS radial velocity
measurements of HD 69830, showing
three planets (source: ESO).

folded RV signals of three planets planet with
periods of 8.67, 31.6 and 197 days, respec-
tively. The corresponding minimal masses are
10.2, 11.8 and 18.1 Earth masses.

However, HARPS is only covering the spec-
tral range between 378 nm - 691 nm while M-
type stars, which may provide a better tar-
get to find Earth-size planets inside the HZ,
emit most of their light in the near-infrared
(NIR). Observing in the NIR (in the context
of this work roughly 800nm - 1800nm) also
means other calibration sources are required
because ThAr does not provide enough cali-
bration lines in that wavelength region to reach
the same level of RV precision as in the visual.
One of the candidates for an improved wave-
length calibration at the sub-ms™! level, par-
ticularly in the NIR, are Fabry-Pérot etalons
(FP). FPs are typically made of two parallel,
highly reflective mirrors. Their transmission
spectrum show peaks of high intensity corre-

sponding to the distance of the mirrors, so in
principle, the line density of a FP can be cho-
sen freely. Thus FPs can provide the ideal
number of peaks (with respect to the resolu-
tion element size of the spectrograph) over a
broad wavelength range, while the bandwidth
is only limited by the coating of the mirrors
and the light source used. Therefore a num-
ber of upcoming spectrographs meant for high
precision RV measurements are considering or
already decided to use a FP unit for their
wavelength calibration, e.g. CARMENES at
Calar Alto (Quirrenbach et al., 2010), the Hab-
itable Zone Planet Finder at the HET (Ma-
hadevan et al., 2012), Espresso at the VLT
(Mégevand et al., 2012), SPIRou at the CFHT
(Artigau et al., 2011) and PEPSI at the LBT
(Strassmeier et al., 2008).

The idea for this project has been influenced
by both, the Laser Frequency comb (LFC),
designed at the Max Planck Institute for Quan-
tum Optics (MPQ), and the FP presented by
Wildi et al. (2010) for the HARPS spectro-
graph. Designing and building a FP unit has
been the first laboratory / instrumentation
project of our group and while the lab already
existed before, it has rarely been used, except
for lab courses with the historic spectrograph
(see ten Bruggencate and Jager (1951) for the
original setup and Diirbye (2013) for the cur-
rent setup). Since no one with fiber knowl-
edge was available, learning the basics of fiber
optics and how they applied to FPs was the
first step. The old spectrograph, while hav-
ing a high resolution (R =110,000), has been
built for observing the spectrum of the sun.
Therefore efficiency is not one of its prime fea-
tures and it took quite a while to increase the
coupling efficiency of the fibers to the point
of acceptable signal to noise ratios in the fi-
nal spectrum (see Fig. 1.4). Furthermore the
spectrograph does not provide any wavelength
calibration and is not stabilized with regard to
pressure or temperature.

In early 2012 a FP test setup has been
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Figure 1.4: Measurements of the visual FP with the historic spectrograph with the
improvements of the signal to noise ration of the FP due to increased coupling efficiency
(from left to right). The red line is the mean spectrum of ten single exposures, shown in

black.

taken to the Thiiringer Landessternwarte Taut-
enburg to use their echelle spectrograph to
measure a FP spectrum comparable to as-
tronomical observations. Since the Tauten-
burg spectrograph is not fiber fed we impro-
vised a fiber coupling and took spectra of the
FP and a ThAr lamp. The results convinc-
ingly showed that the FP worked as intended
and also illustrated the advantage of the FP
compared to the ThAr lamp quite nicely (see
Chapter 2, Fig. 2.2).

After some delays the arrival of the Fourier
Transform Spectrometer (FTS) in Gottingen
at the end of 2012 finally initiated high reso-
lution measurements of the FP. The spectra
with R =1,000,000 showed details of the line
profile which were not visible before (and have
most likely not been observed at all for an as-
tronomical FP before). For example the spec-
tra clearly showed a huge difference in the line
contrast as a function of fiber diameter and
also showed asymmetric line profiles. Partic-
ularly the asymmetric line profiles have the
potential to introduce problems for the wave-
length calibration if they are time dependent.
Simulations revealed the most likely cause for
the observed effects: The fiber used to couple

the light from the light source into the FP.
Furthermore the simulations also helped pre-
dicting potential RV-errors due to the use of
fibers in conjunction with FPs in general.

In parallel to both the simulations and
the measurements the vacuum tank and its
cooling concept has been designed and built
in cooperation with the Zentralwerkstatt der
Fakultat fiir Physik and Huber Kéltemaschi-
nenbau GmbH’. The final setup provides a
temperature and pressure stability good enough
to ensure a RV-stability of the FP of better
than 10cms~!. However, in order to verify
this RV stability in the lab, first the FTS has
to be stabilized to the same order of magni-
tude. This is currently being worked on by
our group.

Finally, in late 2013 we took the final setup
to Tautenburg in order to connect the FP unit
to the CARMENES calibration unit which is
being built in Tautenburg. Different exposure
times can’t be tested sufficiently at a FTS due
to its different functional principle compared
to an echelle spectrograph. Thus with the
Tautenburg spectrograph the exposure times
for different fiber diameters and lamps could

be tested in a setup very similar to CARMENES,
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using the light sources, the calibration unit
and all fibers according to the CARMENES
specifications. After further testing, the two
FP units (one for the visual and one for the
near infrared) will be used as wavelength ref-
erences during observations in order to cor-
rect for instrumental drifts during the night
of CARMENES. First light of the full instru-
ment at Calar Alto is expected to occur in late
2014.

This work is structured in the following way:
Chapter 2 describes how wavelength calibra-
tion is done in principle and explains different
calibration sources in more detail.

Chapter 3 introduces the CARMENES pro-
ject, giving an overview on the instrument,
the planned survey and how the wavelength
calibration will be applied.

Chapter 4 consists of my publication regard-
ing the FP test setup for CARMENES (Schéfer
and Reiners, 2012). It also explains in detail
how parameters like pressure and temperature
stability translate into the RV precision of the
FP.

Chapter 5 explains additional effects with re-
gard to the shape of the FP lines originating
in the fibers used. It also deals with the pos-
sible RV errors which can be introduced by
fiber scrambling effects. This Chapter is sub-
mitted for publication in A&A (Schéfer et al.,
2013).

Chapter 6 shows the final setup designed and
built for the FP units for CARMENES. It de-
scribes the electronic hardware used, the vac-
uum tank, the cooling concept, the expected
performance of the whole unit and shows the
first light” results.

Chapter 7 explains the relationship between
CARMENES and XSHOOTER and shows the
first version of a spectral atlas of M-type stars
for the wavelength range between 350 nm and
2450 nm made from XSHOOTER observations,
including line identification and the removal of
atmospheric lines.

Chapter 8 gives a summary on this work and

also gives an outlook on the next steps with
regard to the FP unit.
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Wavelength calibration

The wavelength calibration of a spectrum
is usually done as one of the final steps of the
data reduction. For this purpose calibration
lines are either inserted into the science spec-
tra itself or are taken separately (either con-
secutively or in parallel). For each order of
the spectrum these calibration lines are iden-
tified using a reference line list. Normally,
these reference lists are made from labora-
tory measurements of the calibration sources,
e.g. Lovis and Pepe (2007) for Thorium Ar-
gon (ThAr) emission lamps. Ideally these line
lists contain the wavelength for every line with
very high accuracy. Each of the identified
lines is then fitted, e.g. with a Gaussian, in
order to find the line center. Finally a polyno-
mial fit is used to constrain the global wave-
length solution, creating a dispersion relation
between wavelength and pixel position on the
detector. The whole process can be iterated
several times in order to improve the wave-
length solution by rejecting outliers and opti-
mizing the fit.

However, the quality of the fit largely de-
pends on the number of unblended reference
lines and how exact their position is known
from laboratory measurements (assuming they
don’t change over time). There are different
sources for calibration lines available. For ex-
ample the telluric absorption lines of Earth’s
atmosphere are visible in every spectrum taken
with a ground based instrument. Unfortu-
nately, these lines are weather dependent since
they are mostly water lines and they only form
in certain wavelength regions. Other calibra-

tion sources have to be inserted in the light
path in between telescope and spectrograph
(e.g. Ammonia gas cells, see Bean et al. (2010)).
The most accurate calibration sources are usu-
ally injected into the spectrograph parallel to
the science observation, e.g. using a second
fiber or taken before and after the science ex-
posure if only one channel is available. The
most established method is the so-called si-
multaneous Thorium reference method (Baranne
et al., 1996), using a ThAr Hollow Cathode
Lamp as reference. This chapter explains the
functional principle of Hollow Cathode Lamps
(Sec. 2.1) and introduces alternative calibra-
tion sources: The Laser Frequency Comb (Sec.
2.2) and Fabry-Pérot etalons (Sec. 2.3).

2.1 Hollow Cathode Lamps

In 1916 Friedrich Paschen published his work
about the first hollow cathode discharge as a
light source for spectroscopy (Paschen, 1916).
Since then the concept of Hollow Cathode Lamps
(HCL) has been constantly improved, mainly
due to its application in atomic absorption
spectroscopy (Walsh, 1956). Today HCLs con-
sists of a sealed glass tubes with a fill gas at
some low pressure inside, a metal cathode and
a metal anode (see Fig. 2.1). A discharge in
the gas is created by applying a voltage be-
tween the cathode and the anode. Thus ma-
terial is sputtered from the cathode and the
energy of these particles dissipates due to col-
lisions with the gas. Eventually this leads to
narrow emission lines of both the metal and
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the gas atoms emitting from the HCL.

ThAr is the combination used most in as-
tronomical applications, mainly because Th
only has a single isotope and zero nuclear spin
and therefore no hyperfine structure signature.
Lovis and Pepe (2007) show how RV-precisions
down to the 20cms~! level can be achieved
with HARPS, using ThAr HLCs for wavelength
calibration. Depending on the wavelength range
of the spectrograph in question, other mate-
rials are investigated, e.g. UNe for the near-
infrared (see e.g. Redman et al. (2010, 2011)).

HCLs are commercially available, relatively
cheap and are easy to use. Unfortunately,
the emission lines of two lamps never look
identical because of small deviations of the
materials used or slightly different gas pres-
sures. Additionally, the different lines of a
HCL vary dramatically in intensity and are
not at all equally spaced since the line po-
sition and intensity origin from the atomic
structure of the materials used. Therefore the
quality of the wavelength solution obtained
by the HCL varies with wavelength: there
are large differences between wavelength re-
gions with many lines, few blends, no satu-
ration of the detector and regions with only
very few lines, a large fraction of blended lines
and saturated lines. Figure 2.2 shows a small
section of a CCD image of the spectrum of
both a ThAr emission lamp and a Fabry-Pérot
etalon, taken at the Tautenburg spectrograph
which illustrates the differences in terms of
line density and intensity variations. Finally,
there are aging effects of HCLs, introducing
additional problems for long term calibration
because the internal pressure changes on time-
scales of months and therefore the position of
some of the lines changes (Mayor et al., 2009).

2.2 Laser Frequency Comb

A Laser Frequency Comb (LFC) is a light
source whose spectrum consists of a large num-
ber of equidistant lines, produced by a pulse
train of a mode locked laser (see Hall and Hén-
sch (2005) for an introduction to LFCs). An

example for the astronomical application of
the LFC technology is the Astrocomb, devel-
oped by Wilken et al. (2012) for the HARPS
spectrograph. Figure 2.3 shows a sketch of
the setup. Wilken et al. use a Yb fiber laser,
stabilized by a Rb atomic clock utilizing the
Pound-Drever-Hall (PDH) locking scheme (see
Drever et al. (1983)) to generate the comb.
Unfortunately the distance in wavelength be-
tween the resulting peaks is far too small to
be of any use in an astronomical spectrograph
(about 250 MHz or ~3-10~*nm). Therefore
three Fabry-Pérot filter cavities are used to
successively filter out most (~ 98%) of the
peaks until the peak-to-peak distance is about
0.02nm (18 GHz spacing). These filter cavi-
ties have also to be stabilized with a continuous-
wave laser (not shown in the figure), using
the PDH locking scheme. A high-power am-
plifier is used to increase the power of the
comb which then also has to be broadened by
a photonic crystal fiber (PCF). Finally, the
light is fed into a multimode fiber, scrambled
and is coupled into the HARPS spectrograph.
For a very detailed description of how the
LFC works and its applications at the HARPS
spectrograph see Wilken (2010).

The main feature of a LFC is its abso-
lute calibration due to its stabilization to a
Rb clock. Therefore the exact wavelength of
every comb line is known to the precision of
the PDH locking mechanism. This locking
can be as good as 107! or better, depend-
ing on the quality of the hardware used (e.g.
Wilken et al. (2012) showed a short time sta-
bility of 2.5cms™!). Consequently, the main
problem of the LFC is its price tag: Buy-
ing an Astrocomb similar to the one used at
HARPS with a stability of 107! costs about
300,000€ and at least in the nearer future it
won’t be a turn-key system but will need sub-
stantial maintenance. Also, currently LFCs
only work with quite narrow bandwidth (a
few hundred nm) and only at certain wave-
lengths (around multiples of the lasers original
wavelength). While those limitations might
be overcome at some point, at present they
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Figure 2.1: Schematic design of a hollow cathode lamp. Source: Klose and Bridges
(1987)

Figure 2.2: Small section of a CCD image of the spectrum of both a ThAr emission

lamp and a Fabry-Pérot etalon with an artificial offset of 10 pixels.
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Figure 2.3: Sketch of the LFC setup tested at HARPS. Source: Nature (Wilken et al.,
2012).
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make the LFC an unrealistic option for most
astronomical spectrographs.

2.3 Fabry-Pérot etalon

Wildi et al. (2010) first showed how a Fabry-
Pérot etalon (FP) could be built as a tool for
high precision wavelength calibration. The
basic design consists of two flat, soft coated,
semitransparent mirrors, held in place by a
Zerodur spacer. The light is fed in on one
side and exits on the other side, while the FP
imprints its transmission signature onto the
spectrum of the originally black body spec-
trum of the light source. The peaks created
by the interference inside the FP are equally
spaced (in frequency), their shape depends
mainly on the reflectivity of the mirrors and
the peak-to-peak distance is a function of the
distance between the two mirrors. In prin-
ciple, this can be used at all wavelengths as
long as a suitable mirror coating is used and
a light source with enough flux in that partic-
ular wavelength range is available.

The stability of the peaks depends on the
stability of the t¢rue mirror distance (influ-
enced by the index of refraction and the ex-

pansion coefficient of the Zerodur spacer) which

in turn depends on external parameters like
temperature stability, pressure stability and
stability of the coupling devices. Wildi et al.
reached a stability of 10cms™' during one
night while in this work the goal is to design
and built a FP unit with stability of 10 cms™?
over weeks, months or even years.

The main selling point of a FP is its tech-
nical simplicity and its easy adaption to any
wavelength region. The device itself is rela-
tively cheap (~2500€) while the challenging
and costly part is the temperature and pres-
sure stabilization. Still, the total cost of a
FP unit with a stabilization of 10 cms™! will
be at least a factor of 10-20 cheaper than a
LFC while covering a much larger wavelength
range without the need for intensive mainte-
nance. The downside is, that a FP by itself
cannot provide an absolute wavelength cali-

bration. Because the true distance between
the mirrors is unknown, the absolute posi-
tion of each peak, while stable with time, is
unknown. Therefore an additional reference
point is needed in order to create a wavelength
solution, e.g. a ThAr spectrum or a LFC.



Chapter 3

CARMENES

CARMENES (Calar Alto high-Resolution
search for Ml dwarfs with Exo-earths with Near-
infrared and optical Echelle Spectrographs)
is a next-generation instrument which is cur-
rently being built for the 3.5m telescope at
the Calar Alto Observatory. The project is re-
alized by a consortium of eleven German and
Spanish institutions with the goal to perfrom
a five-year exoplanet survey on 300 M stars.
In order to cover the full wavelength range
between 0.55 and 1.7 um the instrument will
have two separate spectrographs, one for the
visible part and one for the near infrared part
of the spectrum. Both spectrographs will be
fiber fed and provide a spectral resolution of
R =282,000. In order to achieve a radial veloc-
ity precision of 1ms~! both instruments are
located inside temperature-stabilized vacuum
tanks.

CARMENES has been optimized for the
search for Earth-like planets inside the habit-
able zone of low-mass stars. Using the radial-
velocity method it will provide a better sensi-
tivity for the detection of these planets than
any comparable instrument because of its com-
bination of optical and near-infrared spectro-
graphs. The simultaneous observation with
both spectrographs will also be extremely help-
ful in order to distinguish between actual plan-
ets and false positives caused by e.g. magnetic
activity of the host star.

3.1 The survey

The main scientific goal of CARMENES is
to carry out a survey of M-type stars in or-
der to characterize their planetary population,
including the detection of low-mass planets
within the habitable zones of these stars. The
main focus will lay on very cool stars with
spectral type M4V or later which are only
moderately active. The long-term radial ve-
locity stability of 1ms~! will allow the de-
tection of e.g. a 2Mgp,¢n planet inside the
habitable zone of an M5V star. For M-type
stars near the hydrogen-burning limit even an
earth-mass planet could be detected inside the
habitable zone.

The CARMENES survey will include 300
M-type stars. With a number this large the
program will provide valuable statistics on the
population of planets around this type of stars,
such as their frequency, orbital parameters and
Another question which will be an-
swered by this survey is whether or not the
low rate of Jovian planets around M stars is
real or not. Since most of the targets will
be within 20pc the newly detected planets
will be feasible targets for further character-
ization, e.g. for analyzing the chemical com-
position of their atmospheres.

mass.

3.2 The instrument

The efficiency of CARMENES has been opti-
mized for the Y band (around 1000 nm) since
this is the most important wavelength region
to measure radial velocities in mid to late M-
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Figure 3.1: Layout of the VIS channel optical design (source: CARMENES optics Final
Design Review document FDR-02A, VIS channel optics design).

type stars. Due to the Si cutoff at 1100 nm
and the poor performance of CCDs around
1000nm in general, a near-infrared detector
is required. Consequently CARMENES will
have a CCD for the wavelength region be-
tween 550 and 1050 nm and a HgCdTe detec-
tor for the region between 900 and 1700 mn
respectively.

A dichroic beamsplitter is placed in the
front end to divide the light coming from the
telescope into two separate fibers, one for each

spectrograph. Both spectrographs are mounted

on optical benches inside vacuum tanks, sit-
ting in the coudé room of the telescope. The
room itself is a climatic chamber to keep the
room temperature stable within + 0.1 K. This
translates to a temperature stability within
the vacuum tanks of +£0.01 K over 24 h. Ad-
ditionally, the near-infrared spectrograph will
be cooled down to 140 K using liquid nitrogen
inside a radiation shield within the tank.

Both spectrographs have very similar lay-
outs, using a cross-dispersed echelle in quasi-
Littrow mode with a white pupil design. The
dispersion is done with a 2x R4 mosaic grat-
ing while a grism is used to cross-disperse the
orders. The near-infrared detector will be a

mosaic of HAWAII-2RG detectors, the visible
spectrograph will use an e2v CCD231-84. Fig-
ure 3.1 shows the setup of the VIS channel.

There are two fibers for each spectrograph
leading from the front-end of the telescope
to the instrument. The baseline strategy of
observation is to inject starlight in one fiber
and light from a calibration source into the
other. However, other modes such as having
both fibers fed with light from the star or star
+ sky background are also available. Both
spectrographs have a separate calibration unit
which provides light from different calibration
sources that can be chosen with the help of a
rotating mirror.

3.3 Wavelength calibration with

CARMENES

The wavelength calibration strategy for

CARMENES will be to use both, HCLs and
a Fabry-Pérot etalon. A set of three master-
lamps (ThNe for the visual channel and UNe
for the near-infrared channel) will be used to
produce the wavelength solution. One lamp
will be used daily, one lamp will be used once
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per week and one will only be used once per
month. Comparing these spectra will show
any systematic offsets between the lamps. The
wavelength solution produced every day will
be checked against a reference wavelength so-
lution made with a set of three super-master
lamps twice a year to check for long term
drifts.

Each day during daytime the FP spectrum
will be used to interpolate the wavelength so-
lution of the master lamps (benefiting from
the much higher line density of the FP). Dur-
ing the night the FP will always be fed into
the calibration fiber of the spectrograph in or-
der to trace the differential nightly drift of the
instrument. If the FP proves its stability over
longer periods of time (days, weeks, months,
...) the cross calibration against the master
lamps will be done less frequently.

There are a number of advantages using
this concept: The number of HCLs needed for
operation is greatly reduced. Normally there
would be a set of slave lamps to be used dur-
ing the science observations instead of the FP.
Due to the large number of hours of opera-
tion these lamps would fail quite rapidly (ex-
pected life time of two month) and would need
constant checking against the master lamps.
Additionally, using the FP to interpolate the
wavelength solution provides a much better
result for wavelength regions which otherwise
would not have many lines to be used. Fi-
nally, the FP might also be useful to identify
discontinuities on the detector pixel grid.
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Chapter 4

Fabry-Pérot Etalon: Simulations &
test setup

This Chapter introduces the basic equa- rors and 6 the angle of the passing ray of light.
tions of a Fabry-Pérot Etalon (FP). The sim- Figure 4.1 shows the transmission function for
ulations shown here describe the influence of an ideal FP while in Fig. 4.2 the transmission
the different external parameters to the re- function is broadened and rebinned according

sulting spectrum and thus set the stability to the CARMENES specifications.
requirements of these parameters for a given

RV-precision (Sec. 4.1). Section 4.2 explains 10
the FP setup used for all laboratory measure- 08
ments up to the completion of the vacuum
tank (see Chapter 6). Section 4.3 shows the
first light observations done at the Thiiringer
Landessternwarte Tautenburg and Sec. 4.4 con-
cludes this chapter.

0.6

Transmission
1N
IS

0.2+

0.0

All sections are published in Schéfer and 60000 60002 tmé.oit['1 me?&os 600,08 600.10
Reiners (2012) in the Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Figure 4.1: Transmission function
Series 2012 as "T'wo Fabry-Perot interferome- of a theoretical FP with FF = 8, [ =
ters for high precision wavelength calibration 9.99mm, n = 1 and 0 = 0°.

in the near-infrared’.

4.1 Simulations o

0.5F

The transmission function of a Fabry-Perot 04p

interferometer (FP) can be written as 03

Transmission

7 1 4 0.2F
=5, 1
1+ Fsin? (3) (4.1
with the coefficient of finesse F' and the phase s0000 60002 605-0;['1 r§?5-06 600,08 60010
shift §:
1 Figure 4.2: The same FP as in
0= X47ml cos(d) - (42) Fig. 4.1 but with the resolution

and pixel sampling of CARMENES

A is the wavelength, n the refraction index of
(R =282,000).

air inside the FP, [ is the distance of the mir-
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The position of the peaks can be derived
by looking for the maxima of Eq. 4.1. This is
the case for % = 0, therefore the peaks can be
found at

2

an cos(f) = N, (4.3)
where N is an integer number. From this one
can derive the radial velocity error introduced
by the FP:

EPU A (4.4)

where z can either be n, [ or cos(6). The sta-
bility requirements for each of these parame-
ters for a given RV-precision can be calculated
accordingly.

4.1.1 Stability of the mirror distance
l

The FP itself is made of Schott Zerodur in or-
der to minimize thermal expansion and there-
fore deviations of the mirror distance. Schott
Zerodur has an coefficient of expansion of 2 -
1078 K~!. As shown in Fig. 4.3 the temper-
ature has to be stabilized to 0.018 K in order

to reach a RV-precision of 10cms™!.

4.1.2 Stability of the angle 6

The stability requirements for the angle of the
light passing the FP are shown in Fig. 4.4.
Achieving an angle stability of 0.0015 © implies
two problems:

e The mechanical stability of the setup

e Stability of the light output of the fiber

The mechanical stability can be reached by
using either by using a very stiff cage system
or by including the fiber-lens system within
the Zerodur structure.

However, using fibers to feed the white
light into the FP introduces another source of
error: Multimode fibers, which are the best
option for white light, have many different
modes which are carrying the light inside the
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Figure 4.3: RV-precision in ms™!

as function of temperature stability
with respect to thermal expansion.
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Figure 4.4: RV-precision in ms™!

as function of angle stability.

fiber. Moving the fiber or putting stress on it,
changes the modes used. This leads to a non-
stable output at the exit of the fiber, more pre-
cisely the spot at the fiber exit changes both
shape and position. Usually fiber scramblers
of different kinds are used to resolve this is-
sue for astrophysical applications. They mix
the modes carrying the light inside the fibers
and therefore produce a more stable output.
However, since we are using a very bright light
source there is also the option of using very
small multimode fibers or even single mode
fibers in combination with parabolic mirrors
in order to reduce the angle deviation'.

see Chapter 5 for a detailed discussion on the influence
of the fibers
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Figure 4.5: Left: RV-deviation in ms~! at A=900nm, p=1bar and T =20° C due to
changes in pressure and temperature. Note the temperature scale is the same as for the
thermal expansion (Figure 4.3). Right: Same plot but with p=1mbar.

4.1.3 Stability of the index of re-
fraction n

As shown by Owens (1967) the refractive in-
dex of dry air is a function of the tempera-
ture T and the pressure p. Using Eq. 4.4 and
Owens calculations one can derive the result-
ing RV-precision for both different tempera-
ture and pressure-stability at different pres-
sures.

As shown in Fig. 4.5, evacuating the FP
to a pressure of 1 mbar not only decreases the
RV-error due to a more stable index of re-
fraction but also reduces the dependency on
temperature deviations significantly. In order
to reach a RV-precision of 10cms™! one has
to stabilize the pressure inside the FP stable
to ~ 4 -1073 mbar while the temperature sta-
bility is much less critical than in the case of
thermal expansion (see Fig. 4.3).

4.2 Design

4.2.1 Optimization for
CARMENES

Our two FPs are designed for the infrared
CARMENES spectrograph, which is currently
being built for the Calar Alto 3.5m telescope.
The spectrograph will have two arms with a

spectral resolving power of R=82,000: one
for the optical (550-1050 nm) and one for the
near infrared (900-1700 nm).

As shown by Butler et al. (1996), the in-
trinsic Doppler error in any portion of the
spectrum due to photon-limited errors can be
written as

1
=()

where dI/dV is the local slope of the spec-
trum and €7 is the uncertainty in the resid-
ual intensity at pixel i. In order to minimize
this error one has to maximize the sum of all
dI/dV which, in the case of a Fabry-Perot
spectrum, depends on the distance between
the FP’s mirrors. The optimal spacing is dif-
ferent for the two arms of CARMENES, as
shown in Fig. (4.6). The resulting distance be-
tween neighboring peaks for both FPs is about
0.03 nm.

oy = (4.5)

4.2.2 Test setup

As illustrated in Figs. 4.7 and 4.8, the FP is
mounted inside a cage construction and will
be fiber-fed with white light from an external
light source.
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Figure 4.6: The intrinsic Doppler
error as a function of the FP’s spac-
ing. The minimum and therefore the
optimal value is different for the two
arms of CARMENES. Solid line: op-
tical arm, dashed line: NIR arm.

As a light source, a 10 W Halogen lamp is
used. It covers the full wavelength range of
both arms with sufficient flux - since the op-
tical arm starts at 600 nm the limited flux of
Halogen lamps in the blue won’t cause prob-
lems for the setup. The light from the Halogen
lamp is coupled into a multimode fiber (10 pm
diameter, see subsection 4.1.2). A parabolic
mirror is used to collimate the light from the
fiber and sends it through the FP. A similar
mirror on the other side of the FP is used to
couple the light into the output fiber, which
leads to the calibration unit. From there, the
light goes to the front end and finally into
the spectrograph. The whole FP-unit will be
placed inside a vacuum tank, which will pro-
vide the temperature and pressure stability
needed. A summary of the requirements for
the FP-unit can be found in Table (4.1).

4.3 First light

The optical Fabry-Perot was tested at the coude
echelle spectrograph at the Landessternwarte
Tautenburg, which has a spectral resolution of
up to R=67,000. Usually the spectrograph

is not fiber fed so an injection stage to use
the light from the output fiber had been built.
Since the FP-unit is not yet inside a vacuum
tank and therefore has no temperature and
pressure stabilization one can expect the RV-
precision of the FP to be of the order of 100 ms™!.
Once the vacuum tank is built we will test the
FP’s stability on different timescales with a
Fourier Transform Spectrograph. Figure 4.9
shows parts of the spectra of both, the FP
and a ThAr lamp.

4.4 Conclusions

We have designed and built two Fabry-Perot
calibration units, each of them optimized for

one of the two arms of the upcoming CARMENES

spectrograph. They provide thousands of spec-
tral lines with a much more homogeneous dis-
tribution and intensity than current hollow
cathode lamps (e.g. ThAr). We have shown
the stability requirements for the different pa-
rameters needed to reach an internal RV sta-
bility of 10cm/s . In order to reach these
requirements we will put the calibration sys-
tems into vacuum tanks. Designing and build-
ing these tanks will be the next step. Finally
we will test the RV stability using a Fourier
Transform Spectrograph in our lab.
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Figure 4.7: 3D image of the FP-unit. The FP itself is located inside the lens tube,
which is mounted in a cage construction.

§ | o) i R ?
N Collimated (@] 0o - o o Collimated
N Output Beam '. e [ [] |” | | }r T 7| Output Beam y
N e Fabry-Perot A
— Fiber Input Beam T Lenstube  jhterferometer Fiber Input Beam — -

Kinematic mount

Figure 4.8: Sketch of the FP-unit.

Parameter Requirement
Temperature stability 0.018 K

Pressure stability 4 -1073 mbar
Angle stability 0.0015°

Spectral coverage FP1: 600-1050 nm

FP2: 900-1350 nm
Average distance between peaks 0.03nm
RV stability 10cms™!

Table 4.1: System parameters.
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Figure 4.9: Raw frames of the Tautenburg echelle spectrograph. Parts of the spectra
of both the ThAr-lamp (top) and the Fabry-Perot (bottom) are shown to illustrate the
difference in line density and brightness homogeneity.



Chapter 5

Fabry-Pérot Etalon: Fibers and their

1llumination

This Chapter explains what kind of effects
the fibers and their illumination have on the
FP spectrum. As shown in the following sec-
tions, fibers not only influence the shape of
the FP lines (Sec. 5.2 and 5.3) but they can
also introduce RV shifts due to scrambling ef-
fects (Sect. 5.4). These potential RV shifts
need to be taken into account in addition to
the influence of temperature and pressure (see
Chapter 4).

All sections from this Chapter are taken
from Schéfer et al. (2013) which is submitted
for publication in Astronomy & Astrophysics
as "The influence of fibers and their illumina-
tion on the radial velocity stability of Fabry-
Perot etalons’.

5.1 Motivation®

The requirements of a FP unit with respect to
temperature and pressure stabilization have
been investigated before (Wildi et al., 2010;
Schifer and Reiners, 2012). While challeng-
ing, it is possible to decrease the RV-errors,
occurring due to changes of the temperature
and pressure down to a stability of 10cms™!
by using a vacuum tank and a very sophis-
ticated temperature stabilization. However,
at this level of RV-precision additional effects
related to the fibers become important. In-
vestigating these effects in the actual spec-

In Schéfer et al. (2013) this is part of Sect.l (Intro-
duction)

tra requires extremely high spectral resolv-
ing power, hence they usually remain unde-
tected in astronomical spectrographs. Never-
theless, they influence the RV-performance of
the FP unit significantly. Measurements with
our Fourier Transform Spectrometer (FT'S) show
line shifts, asymmetries and contrast changes
of the FP signal, caused by the fiber used for
coupling the light into the FP. We are able to
reproduce these effects by simulating the dis-
tribution of rays crossing the FP and inves-
tigated how this introduces RV-shifts of the
FP peaks. Our simulations also show that
changes in the light distribution on the fiber
head in front of the FP can lead to substantial
RV-deviations of the order of several ms™!
that scale with the diameter of the fibers used.

5.2 A real Fabry-Pérot

The standard way to set up a FP for wave-
length calibration is to use a fiber to feed
light from a broadband light source into the
FP (fiber A) and to couple the throughput
into another fiber, leading to the spectrograph
(fiber B). Figure 5.1 shows a schematic overview
of such a setup, which makes it quite easy to
use a vacuum tank or any sort of shell struc-
ture in order to achieve the desired stability
requirements (temperature and / or pressure)
since the fibers can be fed through vacuum
flanges.

The light coming from the broadband light
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Figure 5.1: Schematic overview of
the test setup.

source will exit fiber A within a cone, given by
the numerical aperture (NA) of the fiber. A
very efficient way to collimate the light is to
use a parabolic mirror to avoid chromatic or
spherical aberration, but the same considera-
tions apply if lenses are used. An ideal point
source placed in the focal point of that mirror
would produce a perfectly collimated beam of
light. However, a fiber is spatially extended
and one can calculate the deviation from the
parallel beam for each ray exiting the fiber
head via

04c, = arctan (?) (5.1)

with D being the distance of the ray from
the fiber midpoint and f being the effective fo-
cal length of the parabolic mirror. As long as
the parabolic mirror is perfectly aligned, the
angle 6 of a single ray of light crossing the
FP only depends on the position of its origin
at the fiber exit. Rays coming from the cen-
ter of the fiber will cross the FP with 8 = 0°
while all other rays will have an angle cor-
responding to the distance between the exit
point of the ray and the fiber midpoint. The
rays with 6 # 0° see a slightly different mir-
ror distance [ and their interference peaks are
shifted with respect to 8 = 0° rays. All rays
originating at a certain distance from the fiber

midpoint will result in the same angle 6 and
all points on concentric circles of a certain ra-
dius around the midpoint will result in the
same FP spectrum. In order to create the to-
tal spectrum of all rays, we need to know the
"weight’ of each of these annuli, e.g. what per-
centage of the total light crosses the FP with
0 = 0.1°. One can calculate how much each
annulus contributes to the total transmission
spectrum of the FP by calculating its area:

A=r(R*—r? (5.2)

with R and 7 corresponding to the outer and
the inner radius of the annulus, respectively.
We can also introduce inhomogeneous light
distributions e.g. a Gaussian profile (as long
as the profile is symmetric). Using this weight-
ing, the total spectrum of the system fiber +
collimator + FP can be calculated by adding
up the FP spectra for all § accordingly. Fig-
ure 5.2 shows the resulting spectra for fiber
diameters of 50, 200, 400 and 900 pm using a
Gaussian light distribution with a FWHM of
1/4 of the fiber diameter and the perimeters of
their illuminated areas on the fiber head. We
can identify three main features in the spec-
tra: (I) The peak position is blue-shifted for
larger fibers, (IT) the contrast decreases with
increasing fiber diameter, and (IIT) the peaks
become more asymmetric for larger fibers.
The blue-shift can be explained by looking
at Eq. 4.3. As shown before, for a single ray
the position of each peak can be described by

Amaz = %nl cos(f). (5.3)
Because of the cosine, increasing the angle 6
from 6 = 0 to @ > 0 while keeping n and [ con-
stant always shifts the peak positions towards
smaller wavelengths. Since the angle 6 de-
pends on the position of the light ray exit-
ing the fiber head, all points with a distance
r > 0 from the midpoint are blue-shifted with
respect to the ones with r = 0. Larger fibers
will allow larger values of r that are reflected
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Figure 5.2: Left: Perimeter of the illuminated area for different fiber diameters. Right:
Simulation of transmission spectra of a Fabry-Pérot for different fiber diameters assuming
a Gaussian light distribution on the fiber.

into the FP under larger values of 6, thus they
will bear a stronger blue-shift compared to
smaller fibers. At the same time this means
their flux is distributed over a large range of 6,
and adding up all the spectra according to the
weighting distribution (see Eq. 5.2) leads to a
diminished contrast. Therefore, using larger
fibers will not increase the FP contrast in the
final spectrum even though the total flux is
increased. On the contrary, smaller fibers will
have a much better signal to noise as long as
one can increase the exposure time accord-
ingly.

Equation 5.2 also shows that the outer ar-
eas of the fiber head contribute much more
strongly to the final spectrum compared to
the areas in the center. In combination with
the contrast effect, this leads to asymmetric
lines with a tail towards the blue. Thus, larger
fibers will not only have a reduced contrast,
the peaks also become more asymmetric com-
pared to small fibers. The transmission spec-
trum from one FP fed with different fibers can
therefore show shifted peak positions and dif-
ferent line shapes.

Similarly, ring-like structures of the light

distribution will shift the peak positions, be-
cause they mimic different fiber sizes while
having less flux in the center. Such features
can appear even in octagonal fibers (e.g. shown
by Chazelas et al., 2010, Fig. 6). Compared
with uniform light distributions this introduces
shifts of several hundreds or even thousands of
ms~!. Particularly in large fibers these rings
could have a great impact on the RV-stability,
whereas small fibers would be affected to a
much lesser extend (see Sect. 5.4).

Note that if one changes the mean an-
gle 6 (the alignment of the FP with respect
to the mirror) the asymmetries change dif-
ferently because r > 0 does no longer auto-
matically lead to a blue-shift. Therefore there
can also be asymmetries towards the red and
the overall contrast will be diminished for all
fiber sizes because the range of occurring 6 in-
creases. Using light distributions other than
uniform distributions also changes the con-
trast and asymmetry of the FP signal because
different areas of the fiber head (and there-
fore different rays crossing the FP) will have
a larger weight in the total spectrum.
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Figure 5.3: FTS measurements of a
Fabry-Pérot using different fiber di-
ameters (R=1,000,000 at 1000 nm).

5.3 Laboratory measurements

Since astronomical spectrographs lack the res-
olution required to see the asymmetries shown
in Sect. 5.2 one needs to use laboratory mea-
surements to confirm these results. We mea-
sure the transmission spectrum of a FP using
a Bruker Optics IFS 125 Fourier Transform
Spectrometer (FTS) with a resolving power of
R=1,000,000 at 1000nm. The interferogram
is converted by the OPUS 7 software using
a Mertz phase correction. As a white light
source we use a halogen lamp which is cou-
pled into a fiber (fiber A). To collimate the
light coming from fiber A and send it through
the FP we use a Thorlabs parabolic mirror.
Figure 5.3 shows the normalized measure-
ments for different diameters of fiber A. These
results bear close resemblance to our simula-
tions, illustrated in Fig 5.2: The contrast de-
creases for larger fibers, approximately match-
ing the values of the simulation. The same
holds true for the asymmetry of the lines: while
the 50 um fiber creates almost symmetrical
peaks, the 900 um fiber looks heavily serrated,
in fact the measurements show even larger
asymmetries compared to the simulation. The
peak positions differ for the majority of the
fibers. However, contrary to the simulation

the blue-shift does not clearly increase with
fiber-size. Following the discussion in Sect. 5.2,
we believe that this is probably caused by dif-
ferent mean angles 6 during different measure-
ments due to plugging and unplugging of the
fibers. Additionally, our measurements were
carried out with no particular temperature
and pressure stabilization of the FP besides
the room being temperature stabilized to 1 K,
which may also have influenced the peak posi-
tions through a change of the refractive index.

5.4 Simulations of RV-shifts

The simulated spectra in Fig. 5.2 are based
on the assumption of a symmetrical light dis-
tribution at the exit of fiber A. This would
require a perfect illumination of the entrance
of this fiber (optimal launch conditions). De-
pending on the fiber used, the scrambling prop-
erty of the fiber will level out deviations from
that to some degree (Avila et al., 2006). How-
ever, this scrambling can be quite sensitive
to movements of the fiber itself, making the
light distribution at the exit of fiber A a time
dependent function, even without taking into
account severe changes of the initial launch
conditions (e.g. changing the light bulb).
The scrambling factor describes how a fiber
evens out an offset of the light input (in the
form of a small laser dot) in terms of an off-
set of the barycenter at the exit. A very high
scrambling factor would therefore always lead
to a perfectly symmetrical light distribution
with no offset of the barycenter. Unfortu-
nately, a large scrambling factor does not au-
tomatically lead to small RV-shifts of the FP
spectrum: in the most extreme case the light
distribution at the exit of a fiber could be a
ring with no flux in the center. The barycen-
ter would still be at the midpoint of the fiber
hence the fiber still has a very high scrambling
factor. However, it is not only the barycenter
shift that influences the FP peak positions,
but also the light distribution pattern itself
(more precisely the difference of the angle dis-
tribution of the rays crossing the FP), partic-
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ularly in the outer regions of the fiber. We
have already shown that the larger area of the
outer annuli translates to a higher weight of
the spectral pattern created from these rays,
which leads to a RV-shift with respect to a
uniform fiber illumination (see Sect. 5.2). Thus,
the scrambling factor only describes a connec-
tion between the barycenter of the light dis-
tribution on the entrance and the exit of the
fiber, but it is not a useful quantity to describe
aspects of the light distribution important for
the RV-stability of a FP.

Although the scrambling factor is not a
useful measure of the effective shift of the light
distribution, it still can be used to get an idea
of the magnitude of the problem. For exam-
ple: depending on the optics used for coupling
and the diameter of the fiber, scrambling fac-
tors can be as low as 25 but can also be higher
than 500 (Avila and Singh, 2008). Shifting
the light source by 50% of the fiber diame-
ter would result in a barycentric shift on the
fiber exit of 2% for a scrambling factor of 25
or 0.1% for a scrambling factor of 500. While
it is possible to reach even higher scrambling
factors with techniques like fiber squeezing or
optical scrambling we do not consider them
here because these techniques are usually not
used in combination with FPs.

5.4.1 Light distribution

As an approximation of changes in the fiber
launch conditions, we investigate the conse-
quences of a barycenter shift considering dif-
ferent light distributions on the fiber exit of
fiber A. For this we assume the light pattern
to be circular and uniformly distributed, but
only reaching out to 90 % of the fiber radius,
effectively shrinking the fiber. Additionally,
we introduce an offset of this circular distribu-
tion to simulate the effect of imperfect scram-
bling. We use offsets of 0.1, 1, 2, 3, 4 and 5%
of the fiber diameter for typical fiber diam-
eters of 400, 200, 100, 50 and 10 um. The
perimeters of these distributions are shown
in Fig. 5.4. In order to calculate the to-
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Figure 5.4: Contour of the circu-
lar light distribution of a 400 pym fiber
with offsets of 4, 8 and 20 ym (1,2 and
5% of the fiber diameter)

tal spectrum of the FP one needs to convert
the light distribution on the fiber exit into a
weighting function for all occurring angles 4.,
(and therefore as a function of distance from
the fiber midpoint, see Eq. 5.1), as shown in
Sec. 5.2. For the symmetrical case without
any offset, this weighting function is propor-
tional to the distance from the fiber midpoint
(see Eq. 5.2). Calculating the weighting func-
tion with the introduced offset is done in two
steps. The inner part of the fiber is still fully
illuminated and since we use a uniform distri-
bution for the light intensity this looks exactly
the same as without the offset. For the outer
regions, where only parts of each annulus is
illuminated one can compute the area as a
function of distance from the midpoint by cal-
culating the circle-circle intersection® between

Weisstein, Eric W. 7"Circle-Circle Intersection.”
From MathWorld-A Wolfram Web Resource.
http://mathworld.wolfram.com/
Circle-Circlelntersection.html
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Figure 5.5: Illuminated area as a
function of distance D from the fiber
midpoint (see Eq. 5.1) for different
offsets of the light distribution on the
exit of a 400 ym fiber (see Fig. 5.4).
This weighting function is then used
to add up the different spectra for
each annulus in order to get the total
spectrum (Fig. 5.6).

the offset light distribution and the fiber head.
This leads to an arccos shaped function for
the outer parts of the fiber head (Fig. 5.5).
To get the final transmission spectrum of the
FP all spectra from different angles have to be
added up according to this weighting function
(see Sec. 5.2).

Assuming a uniform light distribution is
a compromise between realistic light distribu-
tions (like Gaussian distributions or top-hat
profiles) and a high resolution of the weight-
ing function. In order to simulate RV-shifts
of the final spectrum of the order of a few
cms~! the weighting function should ideally
be calculated analytically. Doing so with the
circle-circle intersection method requires cir-
cular symmetric light distributions, hence the
introduction of an offset prevents the usage
of Gaussian distributions, since those are no
longer symmetric with respect to the fiber.

In principle one could monitor the actual
light distribution at the exit of Fiber A (e.g.

normalized flux
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Figure 5.6: Simulated FP transmis-
sion spectra for a 400 um fiber and
an offset of 1,2 and 5% at the fiber
exit and the resulting RV-error. The
barycenter for each offset is marked
by a vertical line.

by using a beamsplitter in front of the FP)
of a given setup and forward model RV-shifts
due to changing light distributions. Although
this approach would be more realistic it would
also need much more computational power in
order to achieve the same RV-precision as our
analytical model. Here, we are more inter-
ested in the general behavior of these systems
rather than in the performance of a specific
setup, and we refrain from designing more
elaborated setups for the purpose of this pa-
per.

5.4.2 Impact on RV-measurements

Following the same argument as in Sect. 5.2,
the introduction of an offset of the light distri-
bution leads to asymmetric peaks and reduced
contrast. Both effects scale proportional to
the offset and like in Sect. 5.2, the asymmetry
effectively introduces a blue-shift of the peak
positions. Figure 5.6 shows the FP spectra for
a 400 ym fiber and offsets of 1,2 and 5%. As-
trophysical spectrographs will most likely not
fully resolve the FP signal (see Fig. 4.2). In-
stead, one can measure the barycenter of each
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Figure 5.7: Resulting RV-errors due
to an offset of the light distribution
on the fiber exit.

peak, which can then be used to determine the
drift of the spectrograph. In order to simulate
this procedure we calculated the barycenter of
each peak numerically (from one minimum to
the next one). The shift of this barycenter
due to the offset of the light distribution can
then be turned into a RV-error using Eq. 4.4.

Figure 5.7 shows the result for a number
of commonly used fiber diameters with off-
sets of the light distribution ranging between
0.1% and 5%. The resulting RV-error de-
pends massively on the fiber diameter. Fiber
diameters of 400 um (top line, dashed-triple-
dotted) with offsets of the light distribution as
small as 0.1 % lead to RV-errors of more than
3ms~!. For a 10 um fiber (bottom line, solid),
even offsets as large as 5 % result in RV-errors
of only 15cms™!. In order to reach a 1ms™*
RV precision using a 400 ym fiber one has to
ensure an offset of much less than 0.1 %, while
for fibers smaller than 200 pm (dashed-dotted
line) offsets of 1% are sufficient. Naturally,
reaching a RV-stability better than 10 cms™!
requires even more stable conditions of the
light distribution: for a 10 um fiber even an
offset as large as 4% is good enough. Fiber
diameter of 100 um (dashed line) already re-
quire offsets smaller than 0.1% to reach a

RV-stability of the same order. For fibers
larger than that, the necessary stability of the
light distribution become extremely challeng-
ing, with offset limits of the order of 0.01 %.
In terms of barycentric offset this would re-
quire scrambling factors of better than 5000
(however, see the discussion about the scram-
bling factor in Sect. 5.4).

Changes of the light distribution may oc-
cur on different timescales: The launch con-
ditions can be stable on timescales of weeks
or months but may change abruptly (e.g. due
to bulb replacements). The filament of light
bulbs can change due to heating and intro-
duce a shift of the light distribution on the
fiber head (timescales of days). Both, moving
the fiber (e.g. bending it just a bit) and vibra-
tions (e.g. of vacuum pumps) will change the
scrambling factor and therefore the barycen-
tric shift on the exit of the fiber on timescales
depending on the disturbing cause.

5.5 Summary

We investigated the impact of fiber-related ef-
fects on the RV-performance of Fabry-Pérot
Etalons. While the impact of pressure and
temperature variations has been discussed be-
fore, we show how the fiber diameter and illu-
mination influence the resulting RV-stability.

We investigated how different fiber-sizes
influence the spectrum of a FP. We find excel-
lent agreement between our simulations and
very high resolution laboratory measurements,
showing that increasing the fiber diameter leads
to a diminished contrast of the FP signal and
shifted peaks.

Our most important result is that changes
of the light distribution on the fiber head in
front of the FP will lead to significant RV-
shifts of the final FP spectrum. We com-
puted a number of different light distributions
in order to simulate incomplete scrambling of
the fibers, shifting the barycenter on the fiber
head. These changes of the light distribution
lead to different distributions of rays cross-
ing the FP which results in blue-shifted peaks
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and asymmetric features in the total spec-
trum. These effects can range between only
a few cms™! for very small fibers (10 ym di-
ameter) and more than 10ms~! for fiber di-
ameters of 400 pm.

Our results indicate that changes of the
light distribution are heavily influencing the
performance of a FP as a tool for wavelength
calibration. Since these changes scale with
the fiber diameter it is crucial to choose suf-
ficiently small fibers with respect to the re-
quired RV-stability. Alternatively, the stabil-
ity of the light distribution has to be mea-
sured directly in order to compensate for its
fluctuations, e.g. as a part of the data re-
duction. In order to achieve a 1ms~! RV-
stability fibers smaller than 200 pm should be
used while 10cms™! requires fibers smaller
than 50 pm or puts extreme demands on the
stability of the fiber illumination.



Chapter 6

Fabry-Pérot Etalon:
CARMENES

This Chapter describes the final setup of
the FP units for CARMENES, how they works
and which components are used. All simula-
tions and measurements are focused on the
visible part of the CARMENES wavelength
range. However, the near-infrared FP unit
will be built in the same way but with a dif-
ferent FP-coating, optimized for the NIR.

6.1 Vacuum tank

While useful for the firsts test, the cage sys-
tem shown in Sec. 4.2.2 is not suitable for
the final setup inside a vacuum tank. After
some tests it became clear that the cage itself
does not provide the stability needed in terms
of tension-free alignment. Therefore, a new
stage to be mounted inside a vacuum tank has
been designed.

The tank consists of two DN 200 CF flanges
on the bottom and top side and a custom
made, double layered cylindrical body (see Fig.
6.1). Between the two layers a coolant (sili-
con oil) provides the necessary temperature
stabilization (see Sec. 6.6). Both DN 200 CF
flanges have been equipped with three DN 40 CF
flanges each to provide enough connection pos-
sibilities. They are used as follows:

¢ aright-angle DN 40 CF to 40 KF adapter
to connect the hose leading to the vac-
uum pump

e a venting valve to allow for venting of

Final setup for

the tank without using the venting func-
tion of the pump

¢ two custom made DN 40 CF vacuum fiber-
feedthroughs, one for the input and one
for the output fiber

e a Pirani/Cold Cathode gauge PKR 251
by Pfeiffer Vacuum to measure the pres-
sure inside the tank

e an electrical feedthrough for four PT100
temperature sensors

For testing the FP unit in the lab we use
a Pfeiffer HighCube with a HiPace 300 tur-
bopump and a Duo 2.5 backing pump. This
device is much more powerful than what is
actually needed in order to reach a pressure
of 4 - 1073 mbar (see Sec. 4.1.3). The final
pumps for usage at at Calar Alto have yet to
be chosen, but they will most likely be back-
ing pumps only, since high end backing pumps
can reach the required pressure and are much
more cost- and energy-efficient than a back-
ing pump/turbopump-combination. In order
to be able to vent the tank without using the
pump we also installed a venting valve. This
could become useful in case there will be only
one pump for both, the NIR and the visual
FP unit and only one of the tanks has to be
vented.

The fiber-feedthroughs are self made by
Julian Stiirmer in Heidelberg (who is working
on the science fibers for CARMENES) and
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Figure 6.1: Left: CAD drawing of the tank. Right: Tank connected with vacuum pump
(silver hose) and thermopump (red hoses).

Figure 6.2: Left: CAD drawing of the DN 40 CF fiber feedthrough flange. Right: The
assembled vacuum feedthrough with fiber protection tubes on both sides.
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myself. Figure 6.2 shows a CAD drawing of
the flange without the fiber and a picture of
the finalized feedthrough. While feedthroughs
with fiber connectors can be bought directly
from different companies, these feedthroughs
always come with the drawback of having a
small piece of fiber inside the flange. This not
only means that there will be a light loss due
to the two connectors (one at each side) but
also the fiber diameter and fiber material in-
side the flange can’t be chosen according to
our requirements. Therefore the self made so-
lution with one fiber crossing the feedthrough
and being glued into the flange has been pre-
ferred. FC connectors are used to provide the
mechanical stability for the fiber at the flange.

The Pirani/Cold Cathode gauge PKR 251
by Pfeiffer Vacuum has (according to Pfeif-
fer) an accuracy of 30% in the relevant pres-
sure region around 4 - 1073 mbar. For our lab
experiments this is sufficient since we can eas-
ily evacuate down to 1-1073 mbar using the
Turbopump and therefore measure pressure
fluctuations way below 4 - 1072 mbar, which
would be the requirement for a 10cms~ RV-
precision (see Sec. 4.1.3). However, it depends
on the final choice of pump for CARMENES
whether or not this gauge is precise enough
for usage at Calar Alto.

The temperature of the coolant will be
controlled by the thermopump (see Sec. 6.6).
Additionally, there will be temperature sen-
sors mounted on the inner wall of the vacuum
tank and on the optical bench close to the FP.
For this PT100 sensors in combination with
a LakeShore Model 224 temperature monitor
will be used. This setup can measure tem-
perature deviations of about 1 mK (compared
to the 15mK requirement for the tempera-
ture stability of the air inside the FPs and
the 10 mK temperature stability provided by
the thermopump (see Sec. 6.6).

6.2 Optical bench

Figure 6.3 shows a CAD drawing of the bench
with the layout of the off-axis parabolic mir-

rors and the FP, Fig. 6.4 shows the unit in the
lab. The stage has three legs to be mounted
directly on the bottom (or hanging from the
top) of the vacuum tank. The matching threads
for the mirrors are drilled into slide-in mod-
ules which are held in place inside the blocks
(orange) using four screws. The FP is also
hold in place in its block by screws.

In order to avoid air pockets inside the
threading holes, hollow screws are used. Both,
the stage and the blocks holding the optics are
made of Aluminum and the stage is cut out of
a single block in order to avoid tensions which
could potentially change the alignment of the
optics. The block holding the FP has multiple
vent holes to ensure air exchange between the
inside of the FP and the tank.

6.3 Parabolic mirrors

In order to avoid chromatic aberration and
increase the overall efficiency of the system,
parabolic mirrors are used instead of lenses.
The mirrors (RCO8SMA-PO1 from Thorlabs)
are silver coated to provide high efficiency over
the whole CARMENES wavelength range (550
1700 nm). They have SMA connectors to al-
low the fibers to be plugged in directly with-
out any further alignment needed. The match-
ing threads for the mirrors are drilled into
slide-in modules which are held in place in-
side the blocks using four screws (see Fig. 6.3,
colored in blue).
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Figure 6.3: CAD-drawing of the optical bench. The off-axis parabolic mirrors are
directly screwed into blocks of Aluminum (shown in orange), the FP (green) is mounted
inside the middle block (blue) and held in place by one screw.
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Figure 6.4: The optical bench standing with both its off-axis parabolic mirrors attached

and the FP fixed inside the middle block.

6.4 Fabry-Pérot

The FPs are manufactured by SLS optics Ltd..
The blue FP is optimized for the wavelength
range between 600 and 1000 nm. Its Schott
Zerodur spacer holds the optical surfaces at
a distance of 9.990 &+ 0.001 mm (the error is
due to the manufacturing process) and is built
into a 38 mm diameter aluminum cell with
vent holes. The optical surfaces have a soft
coating and are wedged by 30 arcmin. The ef-
fective finesse is Fea8 (it varies as a function
of wavelength between 7.63 and 8.20), result-
ing in a free spectral range (the peak to peak
distance) as measured by SLS optics Ltd. be-
tween 0.018 nm at 600 nm, 0.032 nm at 800 nm
and 0.05nm at 1000 nm.

The red FP is optimized for the wavelength
range between 900 and 1300nm with Zero-
dur spacers of 12.334 £ 0.002 mm. As for the
blue FP its finesse is Fex8 (varying between
7.94 and 8.14) and uses a wedged soft coating.
The resulting free spectral range (measured

Figure 6.5: Photo of the blue Fabry-
Pérot.
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by SLS optics Ltd.) is 0.032nm at 900 nm,
0.049 nm at 1100 nm and 0.068 nm at 1300 nm.

Figure 6.5 shows a photograph of the blue
FP in the optical lab. Once inside its alu-
minum block (see Fig. 6.3) it is held in place
by a screw.

6.5 Fibers and light source

As a result of the detailed investigations with
regard to the diameter of the fiber feeding
the light into the FP device, shown in Sec. 5,
fiber A will either be a 10 ym multimode fiber
(Thorlabs HPSC10) with a NA of 0.1 or a
50 pm multimode fiber with a NA of 0.22 (Thor-
labs FGO50LGA). For the outgoing fiber B,
leading to the spectrograph (or, in the case
of CARMENES, to the calibration unit), a
200 pm fiber with a NA of 0.22 (Thorlabs
AFS200/220Y) is used in order to avoid any
further light losses while coupling the FPs trans-
mission back into the fiber. Using the same
fiber size for fiber B as for fiber A would re-
quire an extremely precise alignment, e.g. us-
ing a kinematic mount. This would introduce
movable parts into the FP unit, which should
be avoided if possible. Also, using a smaller
fiber B does not improve the performance of
the FP unit and therefore the 200 pm fiber has
been selected.

Using a fiber as small as 10 um as fiber
A ensures that changes of the launch condi-
tion and fiber scrambling effects can’t intro-
duce RV-errors larger than a few cms™! even
in a worst case scenario. However, it also re-
duces the amount of flux reaching the spec-
trograph, hence we also consider a 50 pym fiber
(see Sec. 6.7). Most tests up to this point have
been done using a Fourier Transform Spec-
trometer (Bruker IFS 125). Its efficiency is or-
ders of magnitudes below that of astrophysical
spectrographs like CARMENES. Therefore a
laser-driven light source (LDLS) by Energe-
tiq! is used to ensure a sufficient level of flux
for the FTS measurements. Inside the LDLS

! http://www.energetiq.com/html/eq99FC.html

a NIR-laser is focused onto a neon plasma
(see Fig. 6.6). The plasma is heated up in
a very small area (d~ 100 ym) and therefore
produces a very bright light spot with an ex-
tremely high flux density. Using such a light
source makes it possible to measure the spec-
trum of a FP using a fiber as small as 10 ym
even with a FTS.

For CARMENES Halogen lamps will pro-
vide sufficient flux because of the much higher
sensitivity of the spectrograph compared to
the F'TS. Currently a LOT Halogen lamp hous-
ing (LSB110/5) is used with a 10 W bulb. The
housing is passively cooled without any mov-
ing parts to avoid vibrations and to provide
the most stable lamp output. The light from
the bulb is first collimated by a lens integrated
in the housing and than focused on the fiber
head using the same off-axis parabolic mirror
as inside the vacuum tank.

6.6 Cooling concept

The target temperature for the FP units will
be 15° C, which is the temperature where the
index of expansion of the Zerodur spacers is
at its minimum. Providing a temperature sta-
bility of 15 mK inside the tank is quite chal-
lenging. Although one could use an electrical
heating module to keep the temperature of
the FP itself stable, there are a number of is-
sues with this idea: The main problem is, that
the relatively small mass of the FP itself is not
providing enough inertia to suppress fast tem-
perature changes. Additionally, it is not only
the temperature of the FP but also the tem-
perature of the air inside that has to be stabi-
lized. Finally, electrical heating would almost
certainly lead to temperature gradients within
the tank, making it very hard to precisely reg-
ulate the temperature of the air inside the FP.
Therefore, a different cooling/heating strat-
egy is used:

The vacuum tank is built with two sep-
arate layers, leaving a gap in between (see
Fig. 6.7, left). A coolant (silicon oil) is pumped
into this intermediate space on the bottom
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The LDLS™ Principle of Operation

Laser Beam Laser-Focusing Proprietary Bulb High-Intensity
Optics Plasma

Figure 6.6: The LDLS Principle of operation
(source: http://www.energetiq.com/DataSheets/EQ99FC_Data_Sheet.pdf).

Figure 6.7: Left: Section view of a CAD drawing of the vacuum tank. The
46 mm wide gap between the outer (blue) and inner layer (red) contains the sil-
icon oil which circulates upwards (inlet and outlet hose attachments not shown).
Right: The Huber Ministat 230 cooling circulator (source: http://www.huber-
online.com/de/product_datasheet.aspx?no=2015.0012.01).
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Figure 6.8: Part of the CCD raw image of the visual FP, using a Halogen lamp and a
50 pm fiber (taken at Tautenburg with R = 67,000 and the IR setup of the spectrograph).

side of the tank and exits the tank on the up-
per side. Due to the cylindrical shape of the
tank, the coolant is circulating upwards, effec-
tively adjusting the temperature of the whole
vacuum tank to the temperature of the silicon
oil.

The silicon oil is temperated by a cooling
circulator, a Huber Ministat 230 (see Fig. 6.7,
right) which is connected to the vacuum tank
using insulated, reinforced hoses. The Mini-
stat has a heating capacity of 2kW and a cool-
ing capacity (depending on the target tem-
perature) of about 0.4kW. It has two sepa-
rate pumps, a pressure pump with a maxi-
mum flow rate of 27 Ipm and a suction pump
with a maximum flow rate of 20 Ipm. It uses a
5-point calibration with multiple PT100 sen-
sors to reach the target temperature, either
by only checking the back-flow temperature or
using additional input from the process tem-
perature. With an additional upgrade to the
"E-grade Exclusive’ controller, this device is
able to keep the coolant at the required tem-
perature + 10 mK within a temperature range
between -40 and 200° C. By adjusting the tem-
perature of the coolant, the temperature of
the vacuum tank will be kept stable at the
target temperature at all times. Similarly, the
air inside will be stabilized to the same de-
gree. Since the optical bench is physically con-
nected to the tank it will also adapt its tem-

perature to that value. Additionally, the in-
side of the tank and the optical bench are con-
nected with temperature bridges in the form
of copper bands to improve the conductibil-
ity of temperature between the stage and the
tank. Due to the high mass of the tank this
setup will be insensitive to temperature changes
of the room on small timescales (somebody
enters the room), while changes on longer time-
scales (summer/winter) will be compensated
by the Ministat cooling circulator.

6.7 First light

In order to carry out the most meaningful
test in preparation for CARMENES, the FP
unit has been tested at the Thiiringer Lan-
dessternwarte Tautenburg, where both cali-
bration units for CARMENES are built. The
calibration units host a number of emission
lamps (ThNe for the calibration unit of the vi-
sual spectrograph and UNe for the NIR spec-
trograph), a flat field lamp and an input for
the FP. One can select which lamp is going
into the calibration fiber leading to the spec-
trograph by rotating a mirror while the FP
is coupled in by using a beamsplitter. We
simulated the impact of the front end of the
3.5m telescope on Calar Alto by including a
FC-FC adapter. Using this adapter, the fiber
diameter of the fiber leading from the calibra-
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Figure 6.9: First light of the calibration unit in combination with the FP unit. The
"wheel’ containing the calibration lamps is in the center, the calibration unit with its
electronics is on the left and in the right background the Halogen lamp of the FP unit

and one of the fibers can be seen.

tion unit to the Tautenburg spectrograph is
reduced by the same amount as the front end
will do on Calar Alto.

The spectrograph in Tautenburg is not sta-
bilized, its resolution is slightly lower than
the resolution of CARMENES (R =67,000 vs
R =82,000) and its efficiency may very well
be up to 2 times lower than for CARMENES.
However, it provides a good enough platform
for testing exposure times and count-rates for
different FP-setups, something that cannot be
done at the F'TS in our laboratory due to the
different functional principle of the F'T'S com-
pared to an echelle spectrograph. Figure 6.9
shows the setup in the Tautenburg laboratory,
including the calibration unit.

FP Spectra with different exposure times
(between one and 60 seconds) with different
light-sources (two different Halogen lamps and
the LDLS) and different fiber diameters (10
and 50 ym) were taken to be analyzed with
respect to the resulting signal to noise ratios.
The ThNe and UNe lamps of the calibration

unit have also been measured for comparison.
Unfortunately there is currently no pipeline
available to reduce the data due to recently
implemented optics in the Tautenburg spec-
trograph. However, first results from the raw
frames (see Fig. 6.8) indicate that using a Halo-
gen lamp and a 50 pm fiber provides FP peaks
with about the same intensity as the bright-
est Th lines for the same exposure time. This
would be ideal for the proposed calibration
strategy of CARMENES (see Sec. 3.3).

As expected from geometrical considera-
tions (the flux F' scales with the fiber diam-
eter d as F' o< d?) using a 10 um fiber pro-
duces about 25-30 times less flux. The LDLS
provides about 30 times more light than the
Halogen lamps, therefore using a LDLS would
allow for using 10 pm fibers with comparable
results to the Halogen lamp with a 50 ym fiber
with respect to the peak intensity.
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Chapter 7

XSHOOTER

7.1 Introduction & connection
to CARMENES

The XSHOOTER instrument (Vernet et al.,
2011) at the VLT is one of the few spectro-
graphs covering the whole wavelength range of
CARMENES. It is currently mounted at the
UT2 Cassegrain focus and consists of three
spectroscopic arms, each with different optics
and detectors:

e UVB, optimized for 300-559.5 nm
e VIS, optimized for 559.5- 1024 nm

e NIR, optimized for 1024 - 2480 nm

Figure 7.1 shows a schematic overview of the

XSHOOTER instrument. Like in CARMENES,

each arm of the instrument is an independent,
cross dispersed echelle spectrograph. Both,
CARMENES and XSHOOTER allow for si-
multaneous observation of a target with all
arms. However, XSHOOTER is a medium
resolution instrument. The individual slit spec-
trographs have resolutions of Ry,q. = 9,900 for
the UVB arm, R, = 18,200 for the VIS arm
and R4 = 10,500 for the NIR arm. In con-
trast, CARMENES will be fiber-fed provid-
ing a resolution of R=82,000. XSHOOTER
is also lacking the temperature and pressure
stabilization of CARMENES. Another differ-
ence between both instruments is the wave-
length coverage: While CARMENES is opti-
mized for the wavelength range between 550
and 1700 nm, XSHOOTER covers the whole
wavelength range between 300 and 2480 nm.

Despite its medium resolution, XSHOOTER
is a good tool for checking the information
content that can be expected in these wave-
length regions, since there is no other instru-
ment available that covers both the infrared
and the visual part of CARMENES. The only
other source for spectra of M-type stars (the
main target of the CARMENES survey, see
Chapter 3) over the whole CARMENES wave-
length range are synthetic spectra, e.g. us-
ing the PHOENIX code from Hauschildt et al.
(1997), a stellar and planetary atmosphere code.
PHOENIX spectra can be used to predict the
information content of a particular part of the
spectrum, depending on the resolution of the
spectrograph used. In the case of CARMENES
such synthetic spectra have been used in or-
der to evaluate the RV-precision which can be
achieved in the NIR, in particularly with re-
spect to different wavelength coverages. How-
ever, since no broadband high resolution spec-
trograph exists in the NIR yet, it is not clear
how good the predictions using the PHOENIX
model are.

This Chapter shows exemplary how
XSHOOTER-spectra of various M-type stars
look compared to PHOENIX spectra (binned
to a resolution of R=10,000). While a full
catalogue paper is in the works, the following
sections give an overview over the obtained
spectra, the data reduction, the atmospheric
modelling and the agreement between obser-
vation and model.
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Figure 7.1: Schematic overview of XSHOOTER. Each of the arms is an independent cross dispersed echelle spec-

trograph with it’s own slit and, with the exception of the NIR arm, its own ADC. Picture taken from ESO
(http://www.eso.org/sci/facilities/paranal/instruments/xshooter/overview.html).
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7.2 Observations and data re-
duction

The observations have been carried out un-
der the ESO program 385.D-0200(A) (“The
Complete Picture of Low-Mass Stars from UV
to IR: Chromospheric Structure and Conse-
quences for Habitability”), the observed tar-
gets are listed in Table 7.1. Additionally we
included nine targets from the public ESO
archive, observed in a program by Groot et
al.l  With the exception of GJ 3622, which
has been observed using the nodding mode,
all objects have been observed in the so-called
staring mode.

The X-Shooter spectra have strong order
curvature and a varying slit line tilt across the
orders. The data reduction was performed
with the ESO X-Shooter pipeline? (version
1.3.7). In short, it includes non-linearity cor-
rection, bias correction, bad pixel masking,
flat-fielding, wavelength calibration, correction
for the sky background, optimal extraction,
ordering merging, and correction for instru-
ment efficiency and atmospheric extinction.

7.3 Removing telluric absorp-
tion

In order to retrieve as much useful information
from the observations as possible, the absorp-
tion lines caused by the Earth’s atmosphere
have been fitted and removed from the spec-
tra. A detailed description of the method,
based on the LBLRTM? (Line-By-Line Radia-
tive Transfer Model) by Clough et al. (1992),
can be found in Seifahrt et al. (2010). Husser
and Ulbrich (2013) show how the approach of
Seifahrt et al. can be used for full-spectrum

fitting. Husser and Ulbrich applied their method

to all XSHOOTER spectra of this project and

These objects are GJ 229a, GJ 273, GJ 285, GJ 328,
GJ 381, GJ 382, GJ 393, GJ 406 and GJ 447 from the
ESO program 084.D-0795 (“X-Shooter on Cataclysmic
Variables and white dwarfs”).

2 http://www.eso.org/sci/software/pipelines/

3 http://rtweb.aer.com/Iblrtm_frame.html

Table 7.1: Listed are the spectral
type (SpT), visual magnitude V', and

distance d.

Star SpT  Vimag] d [pc]
GJ 588 M2.5 9.311  168.66
GJ 674 M3V 9.407  220.24
GJ 701  M2.0V  9.360 128.89
GJ 735 M3.0V 10.194 84.94
GJ 832 M1.5 8.672  201.87
GJ 849 M3.5V  10.366 109.94

GJ 876 A M5.0V  10.192 213.28
GJ 880 M2.0V  8.638 146.09
GJ 889.1 MO 10.887  63.06
GJ 908 M2V 8.993  167.29

GJ 3622 M6.0V  15.60 221

GJ 273 M35V 9872  262.98
GJ 285 M4.5V  11.225 167.88
GJ 328 K7 9.98 0

GJ 381 M25 10.629  81.08
GJ 382 M2.0V  9.256  127.08
GJ 393 M2.5V  9.650 141.5
GJ 406 M6.0V  13.507  418.3
GJ 447  M4.5V  11.153 298.04

the resulting spectra, corrected for the atmo-
spheric features, are shown in Sec. 7.5.

7.4 Spectral line identification

In order to identify the atomic and molecular
absorption lines in the spectra off all stars au-
tomatically, the newest version of the VALD
database (Kupka et al., 2000) is used: the
VALD3 beta release. Due to the relatively low
resolution of XSHOOTER compared to
CARMENES it has not been the intention to
actually fit the observed spectra but rather
to get an overview on the lines available for
RV-measurements. Therefore only one stellar
spectrum has been extracted from VALD, us-
ing Teg = 3500K, log g =5 and the lowest Mi-
croturbulence accepted by VALD (0.01kms™1),
representing a typical M2 star.

The VALD line list consists of around 44,000
lines between 350 and 2500 nm, including both
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atomic and molecular absorption lines. For
each line VALD provides the ionization state,
the wavelength and the line depth. There
is also additional information available, e.g.

about the damping parameters, Stark and Waals

factors, which is not used in this work.

For each 100 nm chunk of the stellar spec-
tra the deepest lines have been selected from
the list in order to visualize the most promi-
nent features. Since the density of the lines
per chunk is varying for the different wave-
length regions, the thresholds used are ad-
justed in order to provide high readability of
the plots?.

7.5 Results

Figures 7.2 to 7.22 show the spectra of three

M-type stars: GJ889.1 (M0), GJ735 (M3) and

GJ3622 (M6.5). On the very top TiO (blue)

and FeH (red) lines are indicated above the

line identification of other atomic and molecu-

lar lines. Next, a PHOENIX spectrum, down-

scaled to R = 10,000 is shown (dark blue). The

full resolution PHOENIX spectrum can be seen
in the background (light blue). Below, in black
the reduced and flux calibrated observation of
GJ889.1 (MO) is plotted. An example spec-

trum of the Earths atmosphere is shown in

green and the bottom three lines show the

spectra of the three M-type stars with the at-

mospheric correction, as described in Sec. 7.3,

applied.

In regions with very strong atmospheric
absorption (e.g. between 1850 and 1950 nm)
the corrected spectra are plotted with dotted
lines to indicate that the resulting spectrum
does not contain any stellar information and
is dominated by the Earths atmosphere.

For the first two chunks (350-450 nm and
450-550 nm) the lines selected from the VALD
line list by the method described in Sec. 7.4
are not representing the strongest lines of the
observed spectra. This is probably caused by

Thresholds of the line depth for the chunks from blue
to red: 0.997, 0.975, 0.9, 0.7, 0.6, 0.5, 0.3, 0.3, 0.5, 0.5,
0.99, 0.4, 0.3, 0.2, 0.99, 0.6, 0.7, 0.25, 0.4, 0.45, 0.5

the vast number of lines present in these re-
gions combined with the relatively low res-
olution of the observed spectra. The deep-
est single lines do not necessarily show up as
the strongest features in the observed spec-
tra since a very dense forest of weaker lines
can merge into one big feature. Identifying
the strongest features in these regions would
require line identification by hand or a more
appropriate line list.

Overall, the PHOENIX model and the
XSHOOTER spectra match fairly well and a
very large fraction of lines from the VALD line
list can be found with similar intensities in
both the observations and the model. There
are a few noticeable exceptions: For example
the Li 1 double-lines at 670.79 nm (see Fig. 7.5)
are very strong on the PHOENIX data, how-
ever they are barely visible in the observa-
tions. In contrast the Cal lines at 671.77 nm
and at 714.82nm are much stronger in the
observations than in the model. There are
also some trends visible in between the differ-
ent M-type stars. For example the Fel and
Cal lines between 850nm and 870nm (see
Fig. 7.7) get weaker from early- to late-type

stars while the Fe 1 and K 1 lines between 1150 nm

and 1250 nm (see Fig. 7.10) grow stronger from
early to late-type stars.



43

7.5. RESULTS

(S"9)
229clb
Pa1084100

(en)
Ge/l6
pajoa.I00

(ow)
1'688[0
paoa.LI0d

(ow)
1'688[0
"$d0

000°0L=H
XIN3OHd

Hed/ OlL

*)66°0 ‘UOIYedYIJUSPL 9UI] 93 I0] P[OYSAIY ], WU ()G - 0GE :08uel [}3US[oARA\ :Z°2 ©2InSIq

0

4

4

(474

[wu] yibusjanem

0oy

08¢

09¢

IIIIIlIIIIIIIII

1

‘.

TETTITwTT

ol

ced

(]
1]

T

4%

o
D
S}

Ty

o

T

T

TR YTreTy

iy

L €D

S~

OOOOOOOOTTITITITITIITTIITTIT
POOY DY 157N ho—sho— N = o
[NE

%IIIIIII —iIIIIIIII|IIIIIIIII|IIIIIII

4
|IIIIIIIII

H

i

IIIIEHI

XN|} pazijew.ou



CHAPTER 7. XSHOOTER

44

normalized flux

T T T T T T T T T T T T
e—————— e TIO / FeH

a- o - o - o e B A A A A ——— —_—— s "
O COECC COCC T C CC © ©  © OO a © (D030 C T CTCCC o r. — rg.|r1a1 T oL TGO o - o —o_ 0l0~0nT
OO0 OO0O OO O OO0 © o 00O S OOBBOBOO O L= G- SE>E >0>5 > SIEHRS = > 00w W L FLFLESweouo

i%i} %z?//%j%//é,% NN ;%<

i1 PHOENIX
1 R=10,000

Obs.
gj889.1
(MoO)

corrected
0j889.1
(MO)

corrected
gj735
(M3)

corrected
gj3622
(M6.5)

460 480 500 520 540
wavelength [nm]

Figure 7.3: Wavelength range: 450-550 nm. Threshold for the line identification: 0.975.
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normalized flux
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Figure 7.5: Wavelength range: 650-750nm. Threshold for the line identification: 0.7.
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normalized flux
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Figure 7.7: Wavelength range: 850-950nm. Threshold for the line identification: 0.5.
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61

7.5. RESULTS

(S"9)
229clb
Pa1084100

(en)
Ge/l6
pajoa.I00

(ow)
1'688[0
paoa.LI0d

(ow)
1'688[0
"$d0

000°0L=H
XIN3OHd

Hed/ OlL

‘F'() ‘UOIYROYIIUSPL OUI[ Y} I0J P[OYSAIY T, WU ()GETE - (0GTE o8uel )3ud[esrpy :0Z°L 2In3I

[wu] yibusjanem
0vce 0gce 00ce osle 091le

XN|} pazijew.ou



CHAPTER 7. XSHOOTER

62

normalized flux

k

TiO /FeH

Co1
Na 1
Co1
Na 1
Ccot

:

~] R=10,000

II|IIIliiI| |—|r1

Obs.
gj889.1
(MoO)

corrected
0j889.1
(MO)

corrected
gj735
(M3)

corrected
gj3622
(M6.5)

2260 2280 2300 2320 2340
wavelength [nm]

Figure 7.21: Wavelength range: 2250-2350 nm. Threshold for the line identification: 0.45.



63

7.5. RESULTS

"G’() ‘UOIYROYIIUSPI SUI Y} I0J P[OYSAIY T, WU (OGHE - (0GEE oFurl [)3Ud[OARA :gT°L 2IN3I

[wu] yibusjanem
(07474 0ge ootve 08¢ee

09¢e

(S"9)
229clb
Pa1084100

%

i

(en)
Ge/l6
pajoa.I00

(ow)
1'688[0
paoa.LI0d

(ow)
1'688[0
"$d0

000°0L=H
XIN3OHd

Hed/ OlL

L 00

XN|} pazijew.ou



64

CHAPTER 7. XSHOOTER




Chapter 8

Conclusion & Outlook

In this work a FP unit for high precision
RV calibration on the 10 cms™! level, from the
first simulations to the final setup to be used
at CARMENES is developed. CARMENES is
the next generation high resolution spectro-
graph which is currently being built for the
3.5m telescope at Calar Alto.

Another part of this work involved using
XSHOOTER spectra to create a stellar atlas
of M-type stars, including atomic and molec-
ular line identification and the removal of the

Earth’s atmosphere using an atmospheric model.

XSHOOTER’s uniquely large wavelength cov-
erage from 350 nm to 2450 nm enables for the
first time an overall view on M-star spectra
from the visual to the near infrared.

As a first step of the FP project, simulations
of the influence of temperature, pressure and
mechanical stability on the resulting RV error
of a theoretical FP have been made. These
simulations confirmed the principle feasibil-
ity of using a FP unit for RV calibrations on
the sub-m s~! level and provided first require-
ments for the temperature and pressure stabil-
ity. For a 10cms~! RV stability the pressure
has to be stabilized to 4 - 1073 mbar and the
temperature must not change by more than
15 mK.

A test setup using a cage construction with-
out any further stabilization was built to pro-
vide the first spectra of two previously pur-
chased FPs, optimized for the two arms of
the CARMENES instrument. This setup has
also been used to create the first FT'S spectra
at very high resolution. The spectra show a

number of unexpected features compared to
the original simulations, which turned out to
be caused by the fibers used to feed the light
into the FP.

Extensive simulations of the effect of fibers
in combination with FPs were made in order
to explain the deviations of the observed spec-
tra from the expected results. The fiber diam-
eter has a direct influence on the contrast of
the FP peaks, leading to lower contrast (and
therefore a smaller signal to noise ratio) for
larger fibers. Similarly, the degree of asymme-
try in the lines increases with fiber diameter.
Both effects are also influenced by the light
distribution of the fibers, which is not con-
stant due to time dependent fiber scrambling.
Thus the resulting maximum RV precision of
the FP unit is also limited by the stability
of the light distribution of the fibers. Using
smaller fiber diameters reduces the maximum
RV error due to these effects and consequently
fiber diameters of 50 um or smaller are rec-
ommended for a RV stability of better than
10cms~!. Alternatively, additional effort has
to go in stabilizing or at least monitoring of
the light distribution.

The final setup for the FP unit has been
designed in order to fulfill the requirements for
a 10cms™! RV stability. It consists of a dou-
ble layered vacuum tank with the optics hold
in place by blocks of Aluminum, which are
mounted on a massive stage. A liquid coolant
(silicon oil) is constantly circulating through
the inter-layer of the tank and is kept at a
stable temperature by an external cooling cir-
culator device. This setup provides a uniform
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temperature distribution of the whole tank,
avoiding any temperature gradients. The large
mass of the tank itself adds additional inertia
to the whole process. Thus the air inside the
tank will be kept at an extremely stable tem-
perature (better than £15mK).

The next step of the FP project will involve
verifying the connection between temperature
changes and changes in the FP spectrum. In
order to do this, spectra with different tem-
peratures of the FP unit will be taken with
the FTS. The temperature can be changed by
adapting the cooling circulators target tem-
perature. It mainly depends on the stability
of the FTS, what the smallest temperature
change that is still visible in the spectrum will
be. At the moment the FTS is stable enough
to show RV deviations as small as 1 ms~! over
one night. However, doing long term mea-
surements of the FP to test its stability over
weeks and months would be of great value for
CARMENES since it could potentially change
the calibration strategy of the spectrograph.

There will also be a second FP unit for
the near-infrared FP. Its design will be identi-
cal with the one already built, with the possi-
ble exception of using different fiber materials
and sizes because the different detector might
change the required flux from the FP unit and
therefore different fibers might be better in
terms of the signal to noise ratio or RV sta-
bility. This second unit will also be tested
extensively in the lab before being installed
at CARMENES.

Finally, there is a plan to externally track
the drift of the FP. While the FP unit de-
scribed in this work is only passively stabi-
lized by controlling the temperature and pres-
sure, tracking the effective change of the mir-
ror distance caused by these changes would be
a huge improvement. The basic idea is to use
a Pound-Drever-Hall (PDH) locking scheme
(Drever et al., 1983) to lock a laser onto a Rb
cell to get an absolute reference wavelength
and using a second laser to be locked with the
PDH technique to one of the FP lines. The

drift between those two lasers can be mea-
sured and directly provides possible changes
of the effective FP length. In theory this can
be done with extremely high accuracy, result-
ing in measurements with RV precisions of up
to 1cms™! or even better. This setup will pro-
vide long term tracking of the FP and could
also detect additional effects, e.g. aging of the
Zerodur spacers or aging of the mirror coat-
ing. Both effects would change the effective
distance of the mirrors and therefore change
the spectrum over long timescales (years).

The external tracking project is already
under development in our group within the
ERC project Development of Radial Velocity
Standards for the Search for Extrasolar Plan-
ets.
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