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Abstract

Generation of local oscillator power at Terahertz frequencies with conventional techniques is diffi-
cult and expensive. In this thesis, I demonstrate steps towards a THz source using the photonic local
oscillator technique for submillimeter astronomy. An LT-GaAs photomixer illuminated by two laser
signals generates a beat frequency through photoconductive mixing, equal to the difference of two
laser frequencies which can be tuned from a few hundred GHz to around a few THz. To generate
two frequencies in the same laser for a photonic LO, I have investigated the use of a Ti:Sapphire ring
cavity laser. To generate dual-mode operation in the multi-mode laser, two intracavity solid Fabry-
Perot etalons were installed. To characterize the spectral width of the photomixing product, the beat
frequency was monitored with a commercial photodetector at 34 GHz. The spectral width of the
beat frequency was less than 10 kHz. The output power from the LT-GaAs photomixer was found to
increase linearly with the applied bias voltage. Unexpectedly large fluctuations in the output power
were measured, due to dual-mode intensity variations from the Ti:Sapphire ring cavity laser. The
reasons for these power fluctuations are thermal variations of the resonator cavity, mechanical vari-
ations, dust particles, air fluctuations, and mode competition. To reduce these power fluctuations, a
power stabilization system using volume holographic gratings (VHGs) was developed, which greatly
reduced the power fluctuations.

I helped develop a 460/810 GHz dual-channel receiver, called the First Light APEX Submillimeter
Heterodyne instrument (FLASH), for the Atacama Pathfinder Experiment (APEX) telescope located
at Llano de Chajnantor in Chile’s Atacama desert. Using FLASH and the APEX-2A receivers, a large
number of molecular transitions toward the Long Period Variable (LPV) star IK Tau were observed.
Thirty four transitions of 12 molecular species, including maser lines, were detected. To determine
the spatial distribution of the '>CO(3 — 2) emission, mapping observations were performed. Assum-
ing local thermodynamic equilibrium (LTE), the rotational temperatures of molecules and the molec-
ular abundances were obtained. By comparing the abundance of the individual molecules to those
reported in the literature, we found an improvement over previously available observed abundances.
To constrain the physical conditions in the circumstellar envelope, emission from the SO, and CO
molecules were modeled using a Monte Carlo method. From the model fits we could estimate the
molecular column density and the kinetic temperature of the envelope.
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1. Introduction

1.1. Millimeter and Submillimeter-Wave Astronomy

Astronomical observations in the electromagnetic spectrum are made in the radio, infrared, visible
light, ultraviolet, X-ray, and y-ray bands. For a long time, man was restricted to visible light, but
this situation was changed in 1931 when Karl Jansky showed that radiation at a wavelength of 14.6
m, received by him with a direction-sensitive antenna array, was emitted by some extraterrestrial
radiation source.

The submillimeter band has recently gained widespread attention in the astronomical community.
Spectroscopy at millimeter through far-infrared wavelengths is being used to probe the interstellar
medium of our and neighboring galaxies and, moreover, promises to become an essential tool for
unraveling the redshift distribution and physical nature of objects even at large look-back times. In
particular, the millimeter and submillimeter bands contain spectral and spatial information on the
circumstellar envelopes of evolved stars and on the early stages of star formation in gas clouds. One
can immediately see the importance of the submillimeter band to star-formation studies and evolved
star studies by noting that the temperatures of the dense interstellar gas range from about 10 K in the
cooler regions to 100 K or 200 K in the hotter and usually denser parts. The corresponding frequency
(hv ~ kT) range is from about 200 GHz to 4 THz. This same range contains many interesting
molecular rotation and atomic fine-structure transitions.

1.2. Receivers at Millimeter and Submillimeter Wavelengths

Millimeter and submillimeter-wave systems are becoming increasingly important in many scientific
applications like radio astronomy, remote sensing, plasma diagnostics, radar, and communication
systems. In fact, the submillimeter-wave region of the electromagnetic spectrum (300 GHz to 3000
GHz) remains one of the newest and least explored areas of astronomy today. The development of
usable detectors goes hand in hand with the astronomical exploration of this region.

Heterodyne conversion uses a local oscillator (LO) to mix a submillimeter or radio frequency
(RF) signal to an intermediate frequency (IF). A radio telescope for the millimeter and submillimeter
regime consists of an antenna, a receiver system, a spectrometer, controller, and software. Figure
1.1 shows a schematic diagram of the receiving system of a heterodyne receiver. The antenna with
its feed collects the submillimeter or radio power from space. The signal is guided into the receiver
through a quasi-optical system. Here it is converted into a lower frequency signal (IF) by a mixer,
and then it is amplified. Finally, it reaches the spectrometer.
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Figure 1.1.: Schematic overview of a heterodyne receiver.

1.3. FLASH Receiver for the APEX Telescope

Observations at millimeter and submillimeter wavelengths do have their limitations. Compared to
radio systems, they suffer from greater atmospheric opacity, limiting their range of operation. For
instance, ground-based astronomical observations can be carried out only in windows defined by
favorable atmospheric transmission. Millimeter and submillimeter waves are attenuated by precipi-
tation, have higher scattering losses, and are absorbed in the atmosphere by water vapor and oxygen.
For these reasons, submillimeter telescopes are placed at high altitude sites with dry air. The best
places for submillimeter telescopes are known to be Mauna Kea in Hawaii, the Atacama desert in
Chile, and the South Pole.

The Max-Planck Institute for Radioastronomy collaborated with the European Southern Observa-
tory (ESO) and the Onsala Space Observatory (OSO) to build the Atacama Pathfinder Experiment
(APEX) telescope, placed on Llano de Chajnantor in Chile’s Atacama desert (see figure 1.2). Since
2003, we have been developing the first-light APEX submillimeter heterodyne instrument (FLASH)
(Heyminck et al. 2006). FLASH is a dual-frequency, closed-cycle cooled heterodyne receiver, oper-
ating in the 460 GHz and the 810 GHz atmospheric window. For a dual-frequency receiver, the main
requirement is to optimally match both frequency channels to the telescope simultaneously. The op-
tics of both channels follows a Gaussian telescope setup, which provides both linear scaling of the
beam size and frequency-independent waist position. The LO signal is provided by two Gunn-diode
oscillators driven multiplier chains. The LO beams are guided to the SIS mixers through the LO
guiding optics (see figure 1.3). The mixers are fixed-tuned double-side band (DSB) superconductor
insulator superconductor (SIS) mixers. Typical receiver noise temperatures are 200 K at 460 GHz
and 400 K at 810 GHz, respectively.

1.4. Photonic Local Oscillator

Millimeter and submillimeter-wave heterodyne mixers based on SIS junctions have used as an LO
source a combination of solid-state oscillators, such as Gunn diodes and YIG oscillators that can
deliver power levels in excess of 1 mW up to 350 GHz. Improvements of several technologies
necessary for the fabrication of backward-wave oscillators (BWO) have resulted in considerable im-
provements in the characteristics of these monochromatic sources. These tubes, which offer a 20 %
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Figure 1.2.: The APEX 12 m telescope on the Llano de Chajnantor plateau in Chile.

tuning range at 500 GHz, are currently available and can deliver 25 mW of power at the fundamental
frequency. Tubes with equivalent capabilities at 1 THz are presently under construction. These LO
sources (Gunn oscillators, YIG oscillators, and BWO oscillators) have a limited frequency cover-
age, especially at submillimeter wavelength where a broad frequency coverage is highly prized for
submillimeter-wave SIS receivers in the radio telescopes. Recently, THz photomixers have generated
a difference frequency of two lasers at millimeter and submillimeter wavelength by photoconductive
mixing. Photomixers are a promising source of coherent power generation at THz frequencies. Low-
temperature growth (LTG or LT) GaAs is used as a photomixer by focusing laser beams on an array
of submicron interdigitated electrodes on the top surface. The electrodes are biased at a large po-
tential and are coupled directly to a spiral or slot antenna (Carlstrom & Zmuidzinas 1996), which
radiates the continuous wave (CW) mixing product.

Optical Source : the Laser

Photomixing uses a coherent source of near-infrared radiation (NIR). Sources such as two NIR lasers
are tuned to frequencies that differ by an amount in the THz region. Optical sources often consid-
ered for the photomixer are the semiconductor diode laser, gas laser, and solid-state laser. Optical
sources for the photomixer should be frequency stabilized and have narrow spectral width. To adopt
the photonic LO in the submillimeter astronomical receivers, the lasers should have the following
characteristic:

(a) wide tunability

(b) high power

(c) narrow spectral linewidth

(d) high frequency stability.



1.4. Photonic Local Oscillator

Elliptical mirror (M1)

Beam-path

460GHz LO

810GHz LO

1200mm

Polarizer—grid

810GHz-mixer + P810

Hyperbolic mirror M2

Figure 1.3.: Schematics of the FLASH optics. The telescope signal is re-imaged by the mirrors M1 and M2,
forming a Gaussian telescope. Between these mirrors, it is combined with the LO-signals. The signal is then
split by a polarizer and finally matched by individual parabolic mirrors to the mixer-horn antennas (Heyminck

et al. 2006).
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1.5. Motivation

1.5.1. Dual-Mode Operation using the Ti:Sapphire Laser for the Photomixing

Our THz-laboratory is experimenting with several NIR laser sources, mainly with tunable semicon-
ductor diode lasers. To obtain enough power, optical amplifiers are applied and then one has to deal
with the usual instabilities from unwanted optical feedback.

Another possibility is the application of a Ti:Sapphire laser pumped by, for example, an Argon or
a doubled Nd : YVOq laser. This laser type belongs to the vibronic lasers involving a spectrally very
broad and high-gain laser medium based an fluorescence. The Ti:Sapphire laser is commercially
available in a ring resonator configuration, which makes it insensitive to any optical feedback dis-
turbance, both in the pump radiation path as well as in the output path. In this research, it has been
proven that a Ti:Sapphire laser can run at two frequencies at the same time with enough power for our
present LT-GaAs photomixer, without an additional optical amplifier. However, the peak intensities
of the two modes change continuously due to mode competition, air fluctuations, thermal fluctu-
ations, and mechanical vibrations. For this reason, power stabilization using volume holographic
gratings (VHGs) was implemented.

In section 2, the Ti:Sapphire laser is characterized and the dual-mode operation using the Ti:Sapphire
laser described; in section 3 the monitoring of the mixing product is presented; in section 4 the out-
put power generated in the LT-GaAs photomixer, and in section 5 the dual-mode power stabilization
scheme are presented.

1.5.2. Molecular Line Observation by using the FLASH and APEX-2A Receivers

Since 2003 I have participated in building the dual frequency channel receiver, FLASH, operating in
the 460 GHz and the 810 GHz atmospheric windows for APEX. Commissioning of APEX began in
mid 2004, and regular science operation has been performed since July 2005.

Molecular lines are probes of the physical and chemical conditions in the interstellar clouds, pro-
tostellar stellar envelopes, circumstellar shells around Asymptotic Giant Branch (AGB) stars, and
photon-dominated regions (e.g., Wyrowski et al. (1997)). To know the molecular composition of the
circumstellar envelope around the AGB star IK Tau, many molecular species were observed at several
frequencies using the FLASH and the APEX-2A receivers. In section 6, I present the observational
results and describe the scientific analysis.
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2. The Characterization of the Ti:Sapphire Ring
Cavity Laser and the Dual-Mode Laser

2.1. Introduction

The prospect of using photonic techniques to generate GHz and THz frequency radiation sources by
mixing the signals from two near infrared lasers on a suitable photomixer is currently often discussed
in the literature. These frequency sources find their potential applications in telecommunications,
luggage screening, tomography, and in astronomy among others. In astronomy they can be used as
widely tunable local oscillator sources in heterodyne receivers. But this application requires, unlike
other applications, an outstanding stability of power output and frequency. Among the available
near infrared lasers are semiconductor lasers and solid state lasers that operate either in the spectral
areas around 800 nm or around 1500 nm. Which region is chosen depends on the cut-off frequency
of the photonic material of the photomixer. Presently, we are working on GaAs type mixers and,
hence, on lasers in the 800 nm region. Here the Ti:Sapphire laser is a powerful alternative to the
semiconductor lasers and amplifiers we have been using so far. The Ti:Sapphire laser has a wide
gain profile between roughly 660 nm and 1180 nm with output power up to several hundred mW.

Tunable single-mode lasers are widely used in spectroscopic, optical, and quantum-optics exper-
iments. In the visible and near infrared spectral ranges, the Ti:Sapphire lasers are commercially
available (Zimmermann et al. 1995). The Ti:Sapphire ring cavity laser is well known for its broad-
band gain profile and can be widely tuned by frequency-tuning components such as birefringent
filters and solid or air-spaced etalons. In the case of a long resonator laser, it has a narrowed spectral
width and the mode spacing is close. For example, the Coherent 899-01 CW Ti:Sapphire ring cavity
laser with birefringent filter has a 1.6 m cavity length and ~ 184 MHz mode spacing. For single-
mode operation, an additional frequency filtering component such as an etalon is required because
the birefringent filter has a ~ 1.7 THz FWHM passband. With such a broad passband, the optical
gain competition phenomena can suppress most modes (Reilly et al. 2002).

The main purpose of the work presented here was to investigate the possibility to take advan-
tage of the properties of the Ti:Sapphire laser in order to generate two frequencies in the same
laser. This technique can optimize the frequency stability of the difference frequency because of the
common-mode rejection (Tani et al. 2004) as mechanical, atmospheric, and temperature variations
are practically the same for both laser frequencies.

In the next schemes, it is experimentally demonstrated that this can be realized by mode filtering
of two closely spaced modes in the ring cavity.
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2.2. Theory of the Laser

The LASER (Light Amplification by Stimulated Emission of Radiation) is a device that generates
and/or amplifies electromagnetic radiation such as light. The laser performs light amplification by
stimulated emission and multiple reflection of light between mirrors. Lasers are sources of highly
directional, monochromatic, and coherent light.

A laser essentially consists of three components:

1) The gain medium that amplifies an incoming electromagnetic wave. The gain medium can be a
solid, a semiconductor, a liquid, a gaseous medium, or even a relativistic electron beam. The medium
determines the spectral range where the laser is active.

2) The pump source that excites the gain medium into higher quantum-mechanical levels in order
to achieve the population inversion.

3) The optical resonator or cavity, which is mostly composed of two opposite mirrors with the gain
medium in-between. The resonator stores part of the induced emission that is concentrated within
a few resonator modes. In the case of a laser oscillator, the laser photons which are emitted by the
pumped gain medium can pass repeatedly through the cavity. On each pass, the emission of other
photons is stimulated in a way that the stimulating photon and the emitted photon have identical
phases. This leads to amplified coherent radiation and explains the highly directional properties of
laser beams (Demtroder 1996).

The wavelength where the laser is active is mainly determined by the gain profile of the laser
medium and the resonance conditions in the laser cavity. Figure 2.1 shows how the gain profile and
the mode spacing of the cavity can look like for a typical laser. In the simple case of a standing wave
resonator with flat mirrors, the mode spacing will be

_c
" 2nd

where c is the speed of light in free space, n is the refractive index of the medium between the
mirrors, and d is the length of the cavity. Note that d may consists of a series of different media with
different refractive index.

Av 2.1)

2.2.1. Coherence Time

The coherence time quantifies the degree of temporal coherence of light. Coherence theory defines it
as the time over which the field correlation function decays. This correlation (or coherence) function
is (RPPhotonics 2006).

<E*(t)E(t+7)>
o) = SEWEC+D)
< E*(t)E(t) >
where E(t) is the complex electric field at a certain time. This function is 1 for T = 0 and usually
decays monotonically for larger time delays 7. For an arbitrary shape of this function, the coherence
time can be defined by

(2.2)

+oo
Teon = /_ 3 lg(7)?dt (2.3)

The stationary electromagnetic wave with coherence time 7o has a bandwidth Avewpm = 1/ Tcon
(Cerullo & Nisoli 2001). The width of each peak frequency is exactly the reciprocal of the coherence
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Figure 2.1.: Gain profile of the laser transition with resonator eigenfrequencies of axial modes. Modified from
Demtréder (1996).

time (Yang et al. 2006). The coherence length is related to the coherence time Tcon by Leoh = CTeoh
(Davis 1996).
Therefore, the coherence time and the coherence length are described as:

1
Teoh = ————— 2.4
coh AVEWHM ( )
C
Leoh = CTeon = AVFwiHM . (2.5)

2.2.2. Laser Amplification

The internal spontaneous emission from the gain medium is regeneratively amplified inside the ring
cavity and transmitted through the output mirror (or coupler). For example, the Ti:Sapphire ring
cavity laser has an output mirror with 97 % reflectivity. The magnitude of the round-trip gain in the
cavity and laser linewidth depends on the cavity mirror reflectivity. The round-trip time is given by

2L
= — (2.6)
C

where L is cavity length and c is the speed of light in free space.
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Like all laser oscillators, the Ti:Sapphire laser emission is based on regenerative feedback. A
representative configuration (as shown in figure 2.2) of the regenerative amplifier is comprised of
two mirrors with a gain medium in-between them. One of the mirrors is partly reflective and serves
as the output mirror. Part of the photons produced in the gain medium are reflected back and forth
between the mirrors. The gain medium will amplify the number of photons at each passage.

The regenerative gain formula can be written as (Siegman 1986)

B ;.. y grt(a))

JVrir.. 1—gy(@)

where g (®) is the round-trip gain inside the cavity, 77 and 75 are the transmitted intensity from
the resonator mirrors as losses, and r; and r, are the reflectivities of the resonator mirrors. In general,
the gain of regenerative amplification is proportionally increased with the mirror reflectivity of the
resonator, especially the output mirror, and the round-trip cavity length.

G= 2.7

Incident Input

Output > Transmissien
light mirror

mirror light

Figure 2.2.: Feedback diagram describing a regenerative laser cavity (Siegman 1986).

2.2.3. Mode Competition

Laser cavities have the potential of oscillating in a large number of different modes, including dif-
ferent axial and transverse modes, different directions as in ring cavities, and even different senses
of polarization. For the Ti:Sapphire laser discussed here, a Faraday rotator and Brewster windows at
the crystal were used to select modes with one direction and one polarization. The remaining modes
have different gains, losses, and saturation parameters, and compete for the available population
inversion in the laser cavity (Siegman 1986).

In a homogeneous gain profile, the resonator mode next to the center of the gain profile starts
oscillating when the pump power exceeds threshold. Then, its intensity grows faster than that of the
other modes. This causes partial saturation of the whole gain profile. But the saturation decreases
the gain for the other weaker modes and their amplification is down slowed. Further, the increasing
difference in amplification favors the strongest mode (Demtroder 1996). In the homogeneously
broadened type of ring cavity laser shown in figure 2.3, two oppositely traveling waves at the same
frequency propagate in the cavity. The cross saturation effect between two oppositely traveling waves
will be larger than the self-saturation effect by a factor of two (Siegman 1986).
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In the case of two-mode competition in the ring cavity, the expression can be written as (Siegman
1986).

dl
b= lon—Bil— O] x I (2.8)
dI
7; = [(Xz—ﬁzlz—@m[l] ><12 (29)

where the coefficients a; and o are the small-signal or unsaturated gains minus losses for each
mode, and the coefficients f; and 6;; are the self- and cross-saturation coefficients, respectively.

M1

M3 M2
——

M1, M2, and M3 :cavity mirrors
A : gain medium

Figure 2.3.: Feedback mode competition between oppositely directed waves in the ring cavity. Modified from
Siegman (1986).

2.2.4. Ti:Sapphire Oscillator

The first Ti:Sapphire laser was built by Moulton (1982). Ti:Sapphire is sapphire (Al,O03) doped with
titanium (Ti*>*) to create local impurities of Ti**Al,03. Doping levels of up to 0.5 weight% can be
achieved. It has several very desirable characteristics which make it ideal as a high-power amplifier
material, including a very high damage threshold (=8 to 10 Jcm™2), a high saturation fluorescence
(~ 0.9 Jcm~2), a high thermal conductivity (46 WmK~! at 300 K), and a suitable peak gain cross
section of 0, ~ 2.7 X 10~ cm? (Backus et al. 1998). Moulton (1982) has observed the fluorescence
decay at room temperature to be exponential, with a photon lifetime of the excited state of 3.154+0.05
us.

The Ti:Sapphire crystal has a 4-level energy band, which is typical for solid-state laser materials.
The energy diagram as shown in figure 2.4 depicts the absorption and emission bands of the 3d' Ti*+
ion. In the diagram, the 2T, level is the ground state, while the 2E level is the excited state. The
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closely spaced vibrational sublevels broaden the electron energy levels. The Ti:Sapphire laser is
called a vibronic laser because the laser transitions are electronic-vibrational transitions from an
electronically excited state to the ground state. The output range (emission band) is from around
660 nm to 1180 nm. This makes the Ti:Sapphire laser the most widely tunable laser of its class. A
population inversion is created in the E state through optical pumping. The laser action originates
from the decay of vibrationally excited levels from the 2E state into the ground state.

/- 2E Electronic level

- \ i Vi Vibration levels
<—\glZ

E Lasing output

B 660~1180 nm

=

2

2 T

(t 2
<\

\VI
Figure 2.4.: The energy-level diagram of the Ti:Sapphire crystal.

Absorption transitions of Sapphire crystals doped with Titanium (Ti**) ions occur over a broad
range of wavelengths from 400 nm to 600 nm, as shown in figure 2.5. The emission band extends
from around 660 nm to 1180 nm, as shown in figure 2.6. The tuning range is affected by mirror
coatings, loss in the laser cavity, pump laser, and pump mode quality.

The surfaces of the Ti:Sapphire crystals are typically made with Brewster-cut surfaces. This means
that the crystals are cut at an angle relative to the long axis of the crystal. The reflection losses on
the Brewster-cut surfaces are minimized for light incident on the crystal with a polarization perpen-
dicular to the surfaces.

2.3. Mode Selection Component

Multi-mode lasers need additional wavelength selective elements inside or outside the laser resonator
to ensure single-mode, or in this particular case, dual-mode operation. Lyot filters, prisms, gratings,
and Fabry-Perot etalons are commonly used to obtain single-mode or dual-mode operation. In this
experiment, the Fabry-Perot etalons were used because the Faby-Perot etalons can make a narrow-
est filtering bandwidth. For perfect selection, however, high suppression of the unwanted modes
and high transmission of the wanted mode by the filter are required. The external mode selection
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Figure 2.5.: Absorption profile for Ti transitions from 2T, to 2E. Modified from Verdeyen (1995).
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Figure 2.6.: Emission profile for Ti transitions from E to >T,. Modified from Verdeyen (1995).
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technique has the disadvantage that it does not suppress the unwanted modes. The internal mode se-
lection filters completely suppress the unwanted modes when the losses exceed the gain (Demtrdder
1996).

We have used Fabry-Perot etalons in combination with a Lyot filter (or birefringent filter) for the
internal mode selection. First, these filters are described theoretically and then the mode selection
setup is explained.

2.3.1. Fabry-Perot Etalon

Fabry-Perot etalons are made of two reflecting mirrors facing each other. The space between mirrors
can be either solid (glass, quartz, etc.) or air. A Fabry-Perot etalon is an optical interferometer in
which a beam of light undergoes multiple reflections between two reflecting surfaces, and whose
resulting optical transmission (or reflection) is periodic in wavelength. The optical transmission and
reflection are determined by the length of the etalon and its index of refraction.

1. Transmission of a Fabry-Perot Etalon

The plane-parallel etalon acts as a frequency filter or interferometer through the superposition of
multiple reflections from the partially reflecting dielectric interface of the etalon. The etalon performs
a simple transfer function changing optical frequency into transmitted intensity. Figure 2.7 shows
the multiple reflection and transmission of the etalon.

Figure 2.7.: Multiple beams transmitted and reflected from a plane parallel plate of thickness d. A; is the am-
plitude of the incident field, B is the reflected amplitude from the first interface, A is the partially transmitted
amplitude from the second interface, and r and ¢ are the coefficients of amplitude reflection and transmission.

The multiple output beams differ in phase due to the different path lengths traversed by each of
the beams. The optical phase acquired by the light on one round trip through the etalon is given by,

0= 4””dc}i’s(6) 2.10)
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¢ is the optical path difference of neighboring transmitted rays, 0 is the angle of incidence in the
etalon, A4 is the wavelength, d is the physical cavity thickness, and n is the index of refraction.

The transmitted intensity (the derivation of the equation is given in Appendix A) is as follows:

(1-Ry)(1—Ry)
(1= +V/RiR2)? 4 4+/RiRysin?(¢/2)

where I is the transmitted intensity (same as I;), Iy is the incident intensity (same as I;) when
the ray was transmitted through different refraction index etalon on both surfaces. R;, R, are the
reflectance of each mirror surface. Maximum transmittance (the location of transmission peaks)
occurs for frequencies which satisfy the equation.

=1

@2.11)

mc

Jn= 2ndcos(0)

2.12)

where m is any integer. A typical transmission curve is shown in figure 2.8.

FWHM
Av (Full Width Half Maximum)

Intensity (I/1)

0.4 |

02|

FSR

Figure 2.8.: Typical transmission curve of the etalon.

2. Free Spectral Range (FSR)

The wavelength of maximum transmission occurs periodically, and the spacing between maximum
transmission peaks is called the free spectral range (FSR). At normal incidence, the FSR of an ideal
etalon depends on the index of refraction (n) and the cavity thickness (d). The product of these two
values, nd, is known as the optical path length (OPL). The FSR equation is the following:

c
FSR= ——— 2.1
S 2ndcos(0) 2.13)
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3. Finesse (F)

The finesse F is simply the ratio of resonance peak spectral separation over the peaks’ spectral width.
It connects the spectral resolution (called the Q-factor in oscillators) of the etalon to the cavity losses.
Figure 2.9 shows the transmission curves for various reflection coefficients of the mirrors. There is
a connection between the width of a resonance peak and the value of reflection. When losses are
mainly due to the mirrors’ reflectivity, a simple relation gives the value for finesse as follows,

_ FSR_ m(RiRy)'*
AVewam 1 —+VRiR>

Fr (2.14)

where Fj is called the reflectivity finesse, AVewhw is the peaks’ spectral width, and R; and R, are
the mirrors reflectivities. For practical etalons, their reflectivity finesse is not the only finesse that
expresses the quality of the etalon. The so-called total finesse Fr can be written as the root mean
square of the theoretical cavity finesses F¢ (which is directly related to Fr but includes cavity losses
due to the mirrors), the surface accuracy finesse Fg, the parallelism finesse Fp, the beam divergence
finesse Fy, and the diffraction finesse Fp. So, Fr is expressed as shown in table 2.1.

l Total finesse
I, =
L S S
F. F, F{ F, F,
7(R, Rz)”“ P Theoretical cavity finesse coefficient due to
“ - .JRle e mirrors reflectivity and cavity losses
P A Surface parallelism finesse coefficient
"V3pcA
M A Spherical deviation finesse coefficient
° 2 633nm
A Incident beam divergence dependant
8T T
dtan’ © Jinesse coefficient
cA? Diffraction limited finesse coefficient
fo =22

Table 2.1.: Fabry-Perot etalon finesse with the surface accuracy and parallelism. ¢« is the linear cavity loss
coefficient, ad is the roundtrip loss, B is the tilt angle between surfaces (typically 1 arcsec), CA is the etalon
aperture diameter, d is the distance between mirrors, M is the surface flat accuracy in fraction of wavelength
(for A /100; M = 100), and @ is the incident beam divergence (Doric & Neron 2005).
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Figure 2.9.: The transmission curves for various reflection coefficients of the mirrors when R; and R, are
identical.

4. Full Width Half Maximum (FWHM)

Conceptually, finesse can be thought of as a number of interfering beams within the etalon. A
high finesse indicates a high number of interfering beams, resulting in a more complete interference
process and, therefore, higher spectral resolution. Spectral resolution is defined as FSR/AVrwum
where AVpwpm is the minimum resolvable bandwidth or full width at half maximum peak inten-
sity (FWHM) of an interference fringe generated when a perfectly monochromatic light source is
transmitted by an etalon. The minimum resolvable bandwidth is hence defined as:

FSR
finesse

The highest possible resolution (smallest minimum resolvable bandwidth) is achieved when an
etalon has the smallest FSR and the highest finesse appropriate for the incident light source.

5. Effect of Thermal Expansion

One important factor for the frequency stability of Fabry-Perot interferometers is the thermal ex-
pansion of the etalon material. The frequency drifting characteristics of a Fabry-Perot etalon can be
qualified by temperature coefficient 1 of the optical cavity length, which is given by

1,,dn
n= 0‘+(;)(d7

where « is the thermal expansion coefficient of the etalon in unit of ppm/°C (ppm : part per
million), n is the refractive index, and T is temperature. Thus, the temperature dependence of the
resonant wavelength of the etalon is expressed by

) (2.16)
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dA

—=A 2.17

a7 M (2.17)
We can also expect that the change in length of the etalon separation (D(T')) due to a change in

temperature from an initial temperature 7Tj to a temperature 7' (Photonics 2000) is.

dD
And for the index of refraction,
dn
aT =n(To)[1 + B(T — Tp)] (2.19)

Therefore, the temperature dependence of the FSR and the peak locations (V) are as follows:
(Photonics 2006)

X~ SR~ (a4 B)(T )] (2.20)
= (o)1~ (a-+ B)(T ~To) @21

where f is the thermal refractive index coefficient in ppm/°C. Also, the frequency shift per °C
can be given by the following relation (Doric & Neron 2005),

dv. ¢ ldn

dt = Jo\ndr

where ¢ is the speed of light in free space, and A is the peak wavelength of the etalon. The

parameters of temperature variation effect of the fused silica and air are described in table 2.2, and

FSR variation versus temperature in the 1.6 m air-spaced cavity is shown in figure 2.10. As shown
in the figure, the changed FSR is 200 Hz / 1 °C.

+a) (2.22)

Symbol Unit Fused silica Air
Refractive index n 1.44415 1.0003
(A=1.55 nm)
Thermal expansion o [ppmieC] 0.55 0.1
coefficient
Thermal refractive B [ppmioC] 6.57 1.0
index coefficient
Temperature dn R 3.4 -0.9
dependence of aT Lepm 1°C]
refractive index
Frequency shift vs. dv o -1.23 ~0.17
temperature aT |GHz/°C]
Wavelength shift vs. | dA o 0.01 -0.001
temperatire ar o 1°C1]

Table 2.2.: Parameters with the temperature variation effect of the cavity materials (Doric & Neron 2005).
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Figure 2.10.: The calculated FSR variation with the temperature of the cavity material for a 1.6 m air-spaced
cavity.

2.3.2. Birefringent Filter

A birefringent crystal has a preferred direction called the optical axis. The crystal has a different
index of refraction for light polarized parallel to the optical axis than it has for light polarized per-
pendicular to the optical axis. We assume that the optical axis is in the x — y plane and send a beam
of photons in the z-direction. Photons polarized perpendicular to the optic axis are called ordinary
and are in the state o, and photons polarized parallel to the optic axis are called extraordinary and
are in the state e (see figure 2.11). The wave propagation in a birefringent uniaxial crystal can be
expressed as (Meschede 2004)

- cos’@  sin’0
o)

This equation describes the index ellipsoid of the refractive index in a birefringent uniaxial crystal,
which is shown in figure 2.11 (right side). #n, is the refractive index of the ordinary ray, and #, is the
refractive index of the extraordinary ray.

The principle of the birefringent filter (or Lyot filter) is that light originating in a single polarization
state can be made to interfere with itself. An optically anisotropic and birefringent material can be
used to produce a relative delay between ordinary and extraordinary rays aligned along the fast and
slow axes of the crystal because a birefringent medium has two different refractive indices, n, and
n., depending on the plane of light propagation through the medium. The FSR of the birefringent

(2.23)
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Figure 2.11.: (Left) Ordinary and extraordinary rays in birefringence, (Right) The index ellipsoid.

filter is given by

c
FSR=— 2.24
And’ (2.24)

where An is the difference in refractive index between the fast and slow axes An = n, —n,, d is
the thickness of the birefringent medium. The parameters of important birefringence materials are

described in table 2.3. The transmission of the birefringent filter is (Meschede 2004)
Anmd

I Anmd
T(A)= i = T()[COSZ(T) + sin?( n)ir

where ¢ is the phase difference caused by a single retarder given by

)cos?2¢], (2.25)

2nAnd

o= "2 (2.26)
Material a, n, An Oy
(Juartz 1.5442 1.5533 0.0091 0.5°
Calcite 1.6584 1.4864 -0.1720 6.2°
LiNb(O; 2.304 2.215 0.0890 2.3°

Table 2.3.: Birefringence of important materials at A = 589nm and T = 20°C, « is the angle between the
dielectric displacement and the incident angle (Meschede 2004).

The maximum transmission occurs when the incident light is plane-polarized at an azimuth of

445° to the fast axis and the retardation of the plate is % . Ifa % retarder is illuminated with

polarized light, the emerging beam will usually be elliptically polarized. Circular polarization is a
special case occurring when the optical axis is at +45° to the input polarization and the retardation
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is exactly %. Thus, the phase difference between the fast and slow axes from the output of the filter
becomes 7. Therefore, the transmission of a birefringent filter can be described as

TAnd
A

When N elementary birefringent plates with different thickness d are used in series, the total
transmission 7 is the product of the individual transmissions 7;,:

T(A) = Tocos?(

). (2.27)

N
T(A) = ngl Tomcos? ”Azdm) (2.28)

The typical birefringent filter is shown in figure 2.12. The typical filter consists of three plates
with a d:2d:4d thickness ratio, and the typical transmission curves are shown in figure 2.13.

Figure 2.12.: A typical birefringent filter configuration. The birefrinent filter consists of three plates with a
thickness ratio of 1:2:4. Wavelength is tuned by rotating the stack.

2.3.3. Mode Selection Principle

The Ti:Sapphire ring cavity laser has an extremely wideband lasing profile. To select two modes in
the multi-mode ring cavity laser, two types of mode selection components are inserted into the ring
cavity. We can use the birefringent filter with a broadband filtering bandwidth. For the next step, the
Fabry-Perot etalon with a very narrow filtering bandwidth is used to select two modes. Figure 2.14
shows the schematic configuration for the filtering principle.

In this experiment, the birefringent filter with a FWHM of 1.7 THz limits the number of modes to
a band of only a few hundred GHz width. This is due to the mode competition that suppressed the
weaker modes. The practical bandwidth also depends on the threshold gain of the laser itself, loss in
the cavity, and mode competition.

To select two modes, two intracavity etalons are installed. The expected difference frequency of
the two modes is determined by the thin etalon, which have a FSR of 100 GHz and a FWHM of 40
GHz in this work (see figure 2.15 (top)). The thick etalon suppresses the rest of the modes under
the transmission curve of the thin etalon. Because the difference frequency between the ring cavity
modes is about 184 MHz and plenty of modes normally exist under the transmission curve of the thin
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Figure 2.13.: Typical transmission curves of the birefringent filter from Meschede (2004).
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Figure 2.14.: Schematic figure of the two modes filtering.

etalon as shown in figure 2.15 (bottom). Without the thick etalon, we cannot select only one mode.
Finally, two modes can be achieved with the combination of the two etalons, as shown in figure 2.16.
Note that the peaks of the transmission curves can be tuned with respect to each other by tilting.

2.4. Dual-Mode Laser Operation

2.4.1. Experimental Set-up

An optical pump at the correct wavelength is required to provide energy to the gain medium in the
oscillator. The Ti:Sapphire requires a pump in the green band at 532 nm. Several watts of pump
power are needed because the upper-state life-time of Ti:Sapphire is very short (3.2 us) (Moulton
1982) and the saturation power, the incident optical power required to achieve significant saturation
of an absorber, is very high.

Figure 2.17 shows the laser system to demonstrate the dual-mode operation. The diode laser array
at 807 nm pumps the 5 W Nd : YVOq4 laser (Verdi V5, Coherence Inc.). It uses Nd: YVOy, as the
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Figure 2.15.: Top : Simulation of the overlapped transmission curves of the etalons with the tilt angle of 1°
and the ring cavity modes. Bottom : The transmission curves of the 10 mm and 1 mm etalons and the ring
cavity modes. Many longitudinal modes (Green line) exist in the transmission curve, but most of the modes

are suppressed by mode competition.
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Figure 2.16.: Schematic overview of the filtered two modes by the intracavity etalons. The black curve is the
thin etalon transmission curve, the blue curve is the thick etalon transmission curve, and the red line is the
filtered longitudinal mode.

gain medium, which lases at a wavelength of 1064 nm. This is frequency-doubled to produce a
wavelength of 532 nm by a non-linear crystal of LBO (Lithium Borate - LiBgOs). This is the pump
for the Ti:Sapphire ring cavity laser (899-01, Coherence Inc.).

Figure 2.18 shows the schematic diagram of the Ti:Sapphire ring cavity laser with internal mode
selection components. The effective round trip cavity length was 1.6 m. A periscope (mirror P) and
collimation lens L were used to inject the 532 nm Nd : YVO4 beam into the ring cavity. The cavity (or
resonator) itself consisted of the curved M1, M2 mirrors and M3, M4 flat mirrors. The Ti:Sapphire
crystal was placed between M1 and M2. The Ti:Sapphire laser pumped by the Nd : YVOj, laser beam
can emit light from 660 nm to 1180 nm. The direction of circulation of the light was determined by
an optical diode (Faraday rotator). The frequency was chosen by adjusting a birefringent filter and
two intracavity Fabry-Perot etalons.

According to the birefringent filter specification from the Coherent company, the birefringent filter
consisted of three waveplates with thicknesses of 0.5 mm, four times 0.5 mm, and 16 times 0.5 mm.
The FSR of the birefringent filter was 83 THz and its bandwidth (or FWHM) was 1.7 THz.

To select two modes, the two solid etalons with different thicknesses were installed inside the ring
cavity. The etalons were fabricated by B.Halle GmbH in Berlin, Germany. The etalon material was
fused silica with a refractive index of 1.444 at 1.5 um wavelength. The flatness deviation is less than
A /10. The specifications of the etalons are given in table 2.4.
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Figure 2.18.: Schematic of the dual-mode laser with internal mode selection components.

Thickness Reflectivity FWHM FSR Finesse
[mm] [V0] [GHz] [GHz]
Etalon A 10 20 5.7 10 1.76
Etalon B 1 30 40 100 2.5

Table 2.4.: Specification of the etalons installed in the ring cavity for selecting the two modes. The material

used fused silica with 1.444 refractive index at 1.5 um wavelength.

2.5. Results

To characterize the Ti:Sapphire ring cavity laser, several experiments were done to determine the
beam diameter of the Ti:Sapphire laser, the spectral width of the longitudinal mode in the ring cavity
and the stability of the longitudinal mode in the ring cavity. The dual-mode operation using mode-
selection components as the birefringent filter and the Fabry-Perot etalons was demonstrated. In this

section the experimental results are described.

2.5.1. Transmission Curves of the Etalons

Figures 2.19 and 2.20 show the etalon transmission curves measured using a tunable laser diode
(New Focus, Velocity 6300). The resolution bandwidth of the scanning laser was 0.005 nm. As
shown in the figures, the FSR and FWHM values were close to the calculated results given in table

24.
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Figure 2.19.: Measured transmission curve of the 10 mm etalon. The tunable diode laser was used for scanning
with resolution bandwidth of 0.005 nm.
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Figure 2.20.: Measured transmission curve of the 1 mm etalon. The tunable diode laser was used for scanning
with resolution bandwidth of 0.005 nm.

2.5.2. Beam Diameter of the Ti:Sapphire Laser

To measure the beam diameter of the Ti:Sapphire laser, a Coherent Beam Master system was used.
There are two primary Knife-edges used for the main profile diameter determination. The determined
profiles, called W and V, are perpendicular to each Knife-edge as shown in figure 2.21.
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Figure 2.21.: Schematic of Beam Master axis (Knife-edge).
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Figure 2.22.: Measured Gaussian profile of Ti:Sapphire laser beam. The FWHM of the beam is 0.43 mm.

Figure 2.22 shows the measured beam profiles, which appear Gaussian with a waist 1/e of ap-
proximately 0.43 mm. The waist was measured at 300 mm from the output coupler.

2.5.3. Spectral Width of the Ti:Sapphire Laser

Radio- or submillimeter astronomy requires high resolution spectroscopy, for which the FWHM of
the LO source must be as narrow as possible. Currently, the best resolution bandwidth of spec-
troscopic observations that has been achieved is about 30 kHz at submillimeter wavelength. This
corresponds to a velocity resolution of 9 kms~! v—!, where Vv is the observing frequency in GHz, or
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30 kms~! at 300 GHz, but 0.3 kms~! at 30 GHz. Lines in cold, dark interstellar clouds can have
linewidths as narrow as 0.1 kms~!. Therefore, 30 kHz frequency resolution is adequate for prac-
tically all astronomical submillimeter applications, but would not be for longer-wavelength radio
observations.

To use the Ti:Sapphire laser as a LO source for the radio telescope, a spectral width less than 30
kHz is required. Figure 2.23 shows the spectral width of the Ti:Sapphire ring cavity laser beam,
which is the 184 MHz mixing product of two adjacent ring cavity modes. The spectral width was
about 12 kHz. This spectral width is quite narrow enough to use of the Ti:Sappire laser as the LO
source for high resolution radio spectroscopy.

Span : 25 kHz,
Spectral widih : 12 kiz

Amplitude (dB)

Frequency (GHz)

Figure 2.23.: Spectral width of the Ti:Sapphire laser measured by mixing ring cavity modes to produce a
difference signal at 184 MHz which was measured with an RF spectrum analyzer. The frequency span is 25
kHz and the spectral width is 12 kHz.

2.5.4. Frequency Stability of the Ti:Sapphire Laser

To observe radio molecular lines from the interstellar medium or from circumstellar envelopes, a
frequency stabilized LO signal is needed because a drift in the LO frequency makes a determination
of the source’s kinematical properties (by Doppler shifts) impossible and causes problems when
identifying the unidentified molecular transitions. Thus the LO frequency must be stabilized to
better than the resolution bandwidth of the spectroscopic observation.

The frequency stability of the Ti:Sapphire laser was measured in the laboratory at room tempera-
ture (20 °C 1 °C). The output power of the laser was approximately 500 mW. Figure 2.24 shows
the frequency drift of the Ti:Sapphire ring cavity mode as a function of the temperature change over
three hours. The spectrum was produced by mixing of the n» mode and n + 1 mode in the cavity with
a commercial photodetector and displaying the mixing product on an RF spectrum analyzer. The
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frequency drift was about 332 kHz / 1.3 °C. So the beat frequency is equal to the FSR of the modes.
For example, in the case of 184 MHz beat frequency, the frequency drift is 332 kHz but in the case
of 1 THz, the frequency drift is 332 kHz x5000. Therefore, for the short-term stability and for low
beat frequencies, this drift is not a serious problem because the observation time for one scan is very
short (less than 3 minutes). However, to achieve long-term stability and for observations using high
beat frequencies a frequency stabilization system is required. The drift is due to thermal changes of
the intracavity material (air) and mirrors.
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Figure 2.24.: Frequency stability of the Ti:Sapphire laser mode as a function of temperature changing, show-
ing frequency drift sampled at five instances.

2.5.5. Dual-Mode Operation

As shown in figure 2.25, the dual-mode was clearly observed. The difference frequency was around
100 GHz. The output power of the dual-mode was around 200 mW. To confirm that there was only
one mode in each mode profile, the mixing product was observed using the photodetector and the
RF spectrum analyzer. If more than one mode were present, a mixing product with a 184 MHz
frequency components would exist. However our measurements showed that only one mode existed
in each filtered spectrum.
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Figure 2.25.: The dual-mode spectrum from the Ti:Sapphire laser measured using an optical spectrum ana-
lyzer with an wavelength resolution of 0.1 nm. To select two modes the two etalons were installed in the ring
cavity. The thicknesses of the etalons were 10 mm and 1 mm.

2.6. Summary

The Ti:Sapphire ring cavity laser and two types of mode selection components (birefringent filter and
Fabry-Perot etalon) were characterized and the dual-mode operation experiment was demonstrated.

The Ti:Sapphire laser has a broadband gain profile that allows the widest tuning range of any laser.
The photon life-time of the excited state is very short, around 3.2 us. The difference frequency (FSR)
of cavity modes was about 184 MHz.

The photomixer for the photonic LO system generates the difference frequency between two in-
put laser beams. These two input laser beams should be narrow enough for high spectral resolution
spectroscopy. The laser frequency should be stabilized with a tolerance equal to the resolution band-
width. The spectral width of the Ti:Sapphire laser beam was measured to be 12 kHz adequarte for
submillimeter spectroscopy and the frequency stability, which is the FSR variation of ring cavity,
was measured to be 332 kHz when the room temperature changed by & 1.3 °C around 20 °C. The
frequency drift (FSR change) is probably caused by the thermal expansion of cavity material (as
documented in table 2.2 and figure 2.24).

Since the Ti:Sapphire ring cavity laser has a very wideband gain profile and plenty of longitudinal
modes, one needs to select two modes. A birefringent filter with 1.7 THz filtering bandwidth and two
intracavity etalons with different thicknesses were used. The thicknesses of the etalons were 10 mm
and 1 mm, giving FSR of 10 GHz and 100 GHz and FWHM of 5.7 GHz and 40 GHz. The birefringent
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filter filtered a few hundred GHz bandwidth from the Ti:Sapphire wide-gain profile. The thin etalon
filtered two colors meaning the thin etalon determined the expected difference frequency (i.e. the
expected LO frequency). The thick etalon selected only one mode in the thin etalon transmission
curve. The etalon and birefringent filter were selected to have a very wide FWHM but the difference
frequency between the ring cavity modes was 184 MHz, so there could have been several modes
within the transmission curve. However, the experimental result has confirmed that actually only the
two modes separated by 100 GHz were present in the cavity.

Finally, we have achieved dual-mode operation with a difference frequency of about 100 GHz
and with 200 mW power. However, the power in each mode changed continuously due to mode
competition, air fluctuations, thermal fluctuation, and mechanical vibration. Therefore, we need
a power stabilization system to reduce this power fluctuation. I introduce the power stabilization
system in Chapter 5.



3. The 34 GHz Mixing Product

3.1. Introduction

The generation of millimeter- and submillimeter-wave radiation using a dual-mode laser has been
demonstrated by Zimmermann et al. (1995), Biebersdorf et al. (2003), Johansson et al. (2005), Hyodo
et al. (1996), Tani et al. (2005), Stone et al. (2005), and others. These authors presented the mixing
product (or beat frequency) by their experiments. Although they used various different types of lasers
and different lasing bands, the basic scheme common to all those demonstrations is the dual-mode
operation in one laser resonator. The advantage of this scheme, assuming that the laser cavity is
stabilized against thermal fluctuations and air fluctuations, is that the mode spacing does not change
very much compared to the absolute frequency drift due to common-mode rejection. It means that
drift in the beat frequency generated by photomixing is a small fraction of the frequency drift.

In the previous section, the dual-mode operation, separated by 100 GHz, was presented using the
Ti:Sapphire ring cavity laser with two intracivity Fabry-Perot etalons. But the spectral width of the
mixing product could not be observed directly because the available maximum bandwidth of the
commercial photodetector is around 50 GHz. Therefore, to observe the spectral width of the mixing
product of two modes produced by the Ti:Sapphire laser, I analyzed the mixing product at 34 GHz.

3.2. Experimental Set-up

The schematic diagram for the 34 GHz beat frequency observation is shown in figure 3.1. The fun-
damental scheme for the experimental setup is the same as the setup for the dual-mode observation
described in Chapter 2. The Ti:Sapphire laser with internal mode selection components had a ring
configuration as shown in figure 3.1. The effective round trip cavity length is 1.6 m. A periscope
(mirror P) and collimation lens L were used to inject the 532 nm Nd : YVO4 beam into the ring
cavity. The cavity (or resonator) itself consisted of the curved M1, M2 mirrors and M3, M4 flat
mirrors. The Ti:Sapphire crystal was placed between M1 and M2. The Ti:Sapphire was pumped by
the Nd : YVOyq laser. The direction of circulation of the light was determined by an optical diode
(Faraday rotator) and so reduced the interference effect between clockwise trip photons and counter
clockwise photons. The frequency was chosen by adjusting a birefringent filter and two etalons.

The birefringent filter and two internal etalons (B.Halle Nachfl GmbH, Germany) served as mode-
selection components. The FSR of the birefringent filter was 83 THz and the bandwidth (FWHM)
was 1.7 THz. The etalon material was fused silica with a refractive index of ~ 1.444. The theoretical
specifications of the 12 mm etalon with 20 % reflectivity when the etalon is tilted by 1° to the incident
ray are given in table 3.1. The expected dual-mode is shown on the overlapped transmission curves
of two etalons in figure 3.2. The arrows on the graph indicate the expected modes that pass through
both filters.

The filtered two modes were directed into the commercial photodetector made by New Focus

33
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Thickness Reflectivity FWHM FSR Finesse
[mm] [Yo] [GHz] [GHz]
Etalon A 12 20 4.7 83 1.76
Etalon B 3 20 19 33 1.76

Table 3.1.: Specification of the etalons installed in the ring cavity for selecting the two modes. The material
used fused silica with 1.444 refractive index at 1.5 um wavelength.

(Model number 1004) which has -45 dBm output power when the input power is 0.8 mW at 780 nm
wavelength. The filtered dual-mode were mixed by the photoconductive mixing effect. The 34 GHz
beat frequency radiation generated by the photodetector was coupled into the Agilent E4448A PSA
series spectrum analyzer.

Solid ctalon
B Isolator

& i

\ Two modes

M4

# | Photodetector |

L

A RF Spectrum
analyzer

Ti:Sapphire

Pump laser beam crystal

Birvefringent filter

A 1 12 mm (20 % reflectivity)
B : 3 mm (20 % reflectivity)

Figure 3.1.: Experimental setup for the 34 GHz mixing product observation. To select two modes, 3 mm and
12 mm etalons were installed as internal etalons then the filtered two modes were mixed by a commercial
photodetector.

3.3. Experimental Results

The experiments were done at a room temperature of 20 °C % 0.5 °C. The Ti:sapphire ring cavity
was not completely thermally and acoustically isolated. The pump laser power from the Coherent
Verdi V5 was 5 W. The power of the Ti:Sapphire laser without etalons was around 500 mW and
power with etalons was around 120 mW due to the loss from the etalons. The output power from
the laser cavity is related to round trip losses, round trip unsaturated gain, output transmission and
saturation parameter. Hence the output power can be given by (Alfrey 1989)
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Figure 3.2.: Theoretical transmission curves of etalons assuming that the etalons are tilted by 1° to the incident
ray. The expected difference frequency is around 34 GHz and the arrows indicate the expected filtering modes
by overlapped transmission peaks of each etalon.

output transmission round trip unsaturated gain

1]. (3.1)

fou = 2 X saturation parameter ' round trip loss

The main factor reducing the output power in this setup was the round-trip losses from the intra-
cavity etalons. For example, if the etalon reflectivity is 10 %, then 10 % of the incident power reflects
by angle of 8 into the free space from the front surface of the etalon. The other major source of loss
was the alignment problem of the mirrors. Since amplification in the Ti:sapphire ring cavity laser is
regenerative, the photons in the cavity should return to the same point with a tolerance equal to the
beam diameter of ~ 0.43 mm (measured in Chapter 2.5.2). If the mirrors are not aligned correctly
then the cavity has quite high losses. In the case of this setup, two etalons were installed to select
two modes. Two reflectivities of 20 % from the etalons and two more alignment elements added to
the losses in the cavity.

3.3.1. Dual-Mode Observation

A tunable diode laser was used to measure the real transmission curves of the etalons. The scanning
resolution was 0.005 nm. The results are shown in figures 3.3 and 3.4. The presented datas are not
convoluted because the resolution of the scanning laser is quite wide whilst the etalons have a quite
narrow FWHM. The measured FSR and FWHM are close to the calculated results (presented in table
3.D.

Figure 3.5 shows the dual-mode spectrum observed using an Anritsu MS9710C optical spectrum
analyzer with a resolution bandwidth of 0.1 nm.
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Figure 3.3.: The measured transmission curve of the 3 mm etalon scanned by tunable diode laser.
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Figure 3.4.: The measured transmission curve of the 12 mm etalon scanned by tunable diode laser.

3.3.2. 34 GHz Spectrum

Figure 3.6 shows the spectrum of the 34 GHz radiation generated by mixing the dual-mode laser
signal using the commercial photodetector. The spectral width of the 34 GHz spectrum is ~ 6 kHz
at 100 kHz span with a resolution bandwidth (Agilent RF spectrum analyzer) of 910 Hz. The noise
level of the RF spectrum analyzer itself is shown in figure 3.7. The noise levels of the spectra in
figures 3.6 and 3.7 are identical. Therefore the signal at 34 GHz in figure 3.6 spectrum is indeed the
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Figure 3.5.: Dual-mode spectrum observed using an optical spectrum analyzer. The difference frequency is
34 GHz.
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Figure 3.6.: 34 GHz mixing product spectrum. The spectral width is ~ 6 kHz at 100 kHz span with the
resolution bandwidth of 910 Hz.

In order to prove that we really have only one mixing product of two modes a spectral region of
500 MHz with 3 MHz resolution bandwidth is shown in figure 3.8. It only contains one spectral peak
and no other intermodulation products. This means that each overlapped transmission peak passed
only one longitudinal mode. Had more modes passed the etalons then the spectrum would contain
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Figure 3.7.: Noise spectrum from the spectrum analyzer at 100 kHz span with the resolution bandwidth of
910 Hz.

additional lines shifted by ~ 184 MHz from the center frequency. In order to confirm the significance
of the signal, the noise level at 500 MHz span was measured (figure 3.9). Compared to this noise
level the beat signal is well 15 dB above the noise.
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Figure 3.8.: 34 GHz mixing product spectrum at 500 MHz span with the resolution bandwidth of 3 MHz.
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Figure 3.9.: Noise spectrum from the spectrum analyzer at 500 MHz span with the resolution bandwidth of 3
MHz.

3.3.3. Frequency Stability

To measure the frequency stability of the 34 GHz mixing product, the frequency variations over
time during a three-hour period were taken, the frequency spectrum was recorded six times over the
three hours as shown in figure 3.10. The maximum variation was about 50 kHz from spectrum A to
spectrum C. The mixing product drifted to a higher frequency during the first ~ 90 minutes and then
drifted to a lower frequency.

The main reason for the frequency drift is most likely thermal expansion of the etalon. Thus I
calculated the shift of the transmission peak and changes in the FSR of the etalon by the following
equation (refer to equation 2.11)

(1-R)(1 —Ry)
(1= VRiR2)? +4y/R1Rpsin® (¢ /2)

where [y is the intensity of the incident ray into the etalon, R; and R, are the reflectivities of the
etalon surfaces and the optical phase, ¢, is given by

I=1 3.2)

T
0 :47m( )dcos(0) (3.3)
A
and the refractive index change with temperature is given by
n(T) =n(To)[1+ B(T — To)]. (3.4)

where n(Tj) is the refractive index at the standard temperature and f3 is the temperature coefficient
of the refractive index in units of ppm/°C. The FSR shift with temperature can be obtained easily as
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Figure 3.10.: Frequency drifting function as time. The maximum frequency drifting is 50 kHz during three
hours at a room temperature of 20 °C with variation of £ 0.5 °C. The times are elapsed time since the beginning
of the monitoring period.

FSR(T) = FSR(Ty)[1 — (o.+ B)(T — Tp)). (3.5)

In case of the fused silica, the thermal expansion coefficient, ¢, is 0.55 in units of ppm/°C and the
thermal refractive index coefficient f8 is 6.57 in units of ppm/°C. T assumed the standard temperature,
Tp, is 20 °C. Using equation 3.5, I obtained a change of 246.54 kHz for a 3 mm etalon and 61.63 kHz
for a 12 mm etalon when the temperature changed by 1 °C. However, the FSR was decreased when
the temperature was increased. But both etalons have the same thermal expansion coefficient and so
the transmission peaks (3 mm and 12 mm) are always overlapping.

From these results, we can expect that the frequency stability is very sensitive to temperature
variation. This experiment has been done in the laboratory in which the room temperature was
roughly 20 °C £ 0.5 °C. However if the temperature had variations as high as £ 1 °C then this
dual-mode laser system will require a temperature stabilization system for the etalon.

3.4. Summary

The 34 GHz beat frequency between two modes from the Ti:Sapphire laser was observed using a
commercial photodetector. To filter two modes in the multi-mode ring resonator, I used two internal
etalons made from fused silica with a refractive index of 1.444 at 1550 nm. The thicknesses of the
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etalons were 12 mm and 3 mm. The 3 mm etalon determined the beat frequency and the 12 mm
etalon suppressed modes by mode competition. The optical components were installed on an Invar
bar, which had a low thermal expansion coefficient. Invar alloy has been widely used in the industrial
field where low thermal expansion is required (Wang et al. 2004) taking advantage of its low thermal
expansion coefficient at room temperature (about 0.07 x 10-6 /°C) (Roy et al. 1989).

From the observed spectrum, the spectral width of a 34 GHz beat frequency was ~ 6 kHz at
100 kHz span and only one mode transmitted through the each overlapped transmission peak of
combination of 3 mm and 12 mm etalon transmission curves. The 34 GHz beat frequency drift was
~ 50 kHz maximum during the three hours. The reason for the frequency drift was most likely
thermal expansion of the etalons. By the calculated results for the refractive index change as a
function of temperature, assuming that the thermal effect of air in the ring cavity is zero, one expects
the FSR shift by 246.54 kHz per 1 °C. Room temperature typically varied within £ 0.5 °C.

The drift of the beat frequency was within quite a small range and so the short-term frequency
stability was good. But if the room temperature changes by more than 0.5 °C then a frequency
stabilization system is required or the etalons could be made from low thermal expansion material
instead of fused silica. Berthold et al. (1977) and Houwman et al. (2006) presented the frequency drift
using etalons of low thermal expansion material. In the case of Berthold et al. (1977), they measured
cavity length change with temperature of two types of fused silica, ULE, Zerodur, Invar and Super
Invar materials. Houwman et al. (2006) fabricated a diamond solid etalon and measured the shift
of the transmitter frequency as a function of temperature. Both groups found the transmission peak
frequency (less than 10 MHz / 40 °C, see more detail figure 1 in Houwman et al. (2006)) and length
of cavity (less than 1 x 10~° mm / day) did not change much with temperature. Therefore to improve
the frequency stability against temperature variation, I suggest using a low thermal expansion etalon
such as diamond for the solid etalon or a vacuum air-spaced etalon mounted in a holder made from
low thermal expansion material such as Invar or Zerodur for the mode selection components.
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4. Generation of 100 GHz Radiation using the
Dual-Mode Ti:Sapphire Laser and a LT-GaAs
Photomixer

4.1. Introduction

Up to now millimeter- and submillimeter-wave heterodyne mixers based on SIS junctions have used
LO sources that consist of Gunn diodes or YIG oscillators followed by multiplier chains consist-
ing of doublers or triplers. Recently, the photonic LO based on the photomixing technique was
demonstrated. The first experiment was done at 50 GHz (Brown et al. 1993a) but it was shown that
performance up to 5 THz can be achieved (Mclntosh et al. 1995). The advantage of the photonic LO
technique is the inherent wide tunability that is limited only by the geometric structure and carrier
recombination life-time of the semiconductor of the photomixer used, the limitation is mainly the
antenna that radiates the LO signal. The disadvantage is the relatively low conversion efficiency
(Tani et al. 2005).

Figure 4.1 shows a schematic illustration of the photomixer device. The photomixer chip is
mounted on the flat side of a Si hemispherical lens made from high resistivity silicon. In this section
I demonstrate that a 100 GHz LO signal can be generated by illuminating the photomixer with a
tuned dual-mode Ti:sapphire laser.

PC current J(1) Ere(t) o< dJ/dt

Optical beat
\’m

RF signal

PC antenna
(dipole type)

LT-GaAs

_—_ Si hemispherical lens

Figure 4.1.: Schematic illustration of the operation of a photomixer photoconductive antenna for CW RF wave
generation. Modified from Tani et al. (2005).
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4.2. Experimental Set-up

A schematic view of the experiment is shown in figure 4.2. Two solid Fabry-Perot etalons were
installed inside the ring cavity: one has a thickness of Imm and a reflectivity, R of 30 % on both
sides, the other has a thickness of 10 mm and R =20 %. The flatness deviation is less than A /10. The
etalons were fabricated by B. Halle GmbH in Berlin, Germany. The etalon material was fused silica
with a refractive index of 1.444 at 1.5 um wavelength. The specifications of the etalons are given in
table 2.4. The beat frequency was determined by the free spectral range of the thin etalon. As the
installation of the etalons inevitably contributes to the cavity losses, care was taken to select proper
reflectivities to optimize throughout at optimum finesse. Final frequency tuning of the etalons was
done by a fine tilting mechanism (fine-pitch micrometer and piezo actuators (PZT)). At the output of
the Ti:sapphire laser the signal was coupled into a 1.5 m long fiber (single-mode). To check the laser
spectrum an Anritsu MS9710C optical spectrum analyzer was used.

Solid etalon

B Isolator

/ . \ Two modes

M4

Photomixer

Ti:Sapphire
crystal

Pump laser beam

Birefringent filter

At 10 mm (20 % reflectivity)
B: 1 mm (30 % reflectivity)

Figure 4.2.: Schematic overview of the experimental setup. To operate the dual-mode laser, two solid etalons
were installed as intracavity etalon. The two modes passed by the filters were coupled into the photomixer.

The dual-mode laser output was coupled into the fiber and was guided to the photomixer as shown
in figure 4.3. The spectral quality of the beat frequency generation is largely dependent on the
purity and beam properties at the end of the fiber. Note that the end of the fiber was very precisely
positioned with respect to the photomixer chip by using a nanocube from Physik Instrumente. A
calibrated Golay cell with an overdimensioned Winston corn horn (not specially optimized to a
certain frequency) and a cut-off filter for visible and NIR light was used to measure the power of
the emitted beat frequency signal. A chopper was placed in front of the fiber coupler as shown in
figure 4.3. A lock-in amplifier handled the signal from the Golay cell thus avoiding any influence
from thermal background radiation. The optical response of the Golay cell was 19.3 kVW~! and the
detector optical noise equivalent power (N.E.P.) was 1.9 x 10710 WHz /2 according to calibration
documents.

Figures 4.4 and 4.5 show a typical photomixer device developed at the Max-Planck Institute for
Radioastronomy (MPIfR) and the Golay cell with horn antenna. The photodetector chip was de-



4. Generation of 100 GHz Radiation using the Dual-Mode Ti:Sapphire Laser and a LT-GaAs

Photomixer 45

Dual-mode from
the Ti:Sapphire laser

Chopper
Fiber coupler
Golay cell Photomixer
; wwW
Optical spectrum
analyzer
Y
Lock-in Amplifier

DC
hias voltage

Figure 4.3.: Schematic overview of the radiation power measurement setup.

signed at the MPIfR and processed on a GaAs-wafer at the Research Center Jiilich (Mikulics (2004),
Adam et al. (2004), Mayorga et al. (2004)).

In general, the emitted beat frequency power generated in a photomixer is quadratically increasing
with the applied bias voltage as described by Brown et al. (1993b).

5(Jo)*Re
(14 (2xf1)?] - [14+ (27fR.C)?]

P(w) = @.1)

where Jy (= GoV) is the DC photocurrent, Gy is the time-averaged photoconductance of the pho-
tomixer, V is the bias voltage, Ry is the antenna input resistance, C is the capacitance of the finger
structure, 7 is the photocarrier life-time and f is the difference frequency (or beat frequency). This
expression is valid for GoRy < 1 and assuming that both input optical beams have identical power.
The beat frequency output power is proportional to the radiation resistance of the antenna, the square
of the DC conductance (G%) and to the square of the bias voltage, V2.

The 100 GHz radiation generated from the photomixer radiates through the dipole antenna and Si
hemispherical lens. To monitor the radiation power, the Golay cell with horn antenna was installed
as shown in figure 4.5.
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Bias voltage

LT GaAs photodetector

Figure 4.4.: Front view of the photomixer block.

Si hemispherical lens

Fiber

Horn + Detector LT GaAs photodetector

Figure 4.5.: System for the detecting power of the mixing product from the photomixer. The input laser signal
is coupled into the LT GaAs photodetector through the single-mode fiber and the generated beat frequency
radiates from the Si hemispherical lens to the Golay Cell.
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The output power of the Ti:Sapphire laser with intracavity etalons was around 200 mW at maximum.
The input laser power at the photomixer was only about 35 mW due to the losses in coupling to the
fiber. Figure 2.25 shows the dual-mode spectra obtained with two intracavity Fabry-Perot etalons.
Two etalons of different thickness were used to achieve dual-mode operation. The ratio of intensity
between the two modes depended on the alignment of the etalon.

The emitted CW 100 GHz radiation power was measured by the Golay cell. Figure 4.6 presents
the measured output power as a function of the bias voltage applied to the photomixer. As shown
in the figure 4.6, the measured output power generated in the photomixer increased with the applied
bias voltage. The errors, 20 %, were caused by the power variation between the two modes. The
intensity ratio between two modes could be optimized by alignment of the resonator mirrors and
intracavity etalons but still suffered from mode competition between the photons and suffered from
the variation in temperature of the resonator, air fluctuation and mechanical vibration. Taking the
errors into account, a linear increase of beat frequency power with bias voltage is visible in the fit.
This linear behavior is confirmed in figure 4.7, which was obtained with two tunable diode lasers.
However, the input laser power at the photomixer and photomixer itself were different in both setups.
Therefore the slopes of figure 4.6 and 4.7 are different.
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Figure 4.6.: 100 GHz output generated by the photomixer as a function of the photomixer bias voltage at a
room temperature of 21 °C. The input dual-mode laser power was 35 mW.

The maximum radiation power was 0.07 uW at the applied bias voltage of 7 V when the input
laser power was around 35 mW. In this experiment, the main motivation was to demonstrate that a
beat frequency signal was generated with a frequency of 100 GHz with a dual-mode laser. Damaging
of the photomixer by excess laser power or too high bias voltage was avoided at all times. Therefore,
the conversion efficiency was lower than can be expected for a higher laser power and bias voltage.
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Figure 4.7.: The photomixer output powers as a function of the bias voltage. Two tunable diode lasers were
used (Camara, priv. com.).

The conversion efficiency is defined as € = I;—‘(‘)’, where Py, is the radiation power from the photomixer,
and Py is the total incident laser power of P; 4+ P,. Conversion efficiency depends on the applied
bias voltage (see equation 10 in Brown et al. (1993b)) assuming that the other mixer parameters are
constant. To increase the conversion efficiency, the bias voltage should be optimized to the maximum
value and the input laser power should be high enough.

4.4. Summary

It was demonstrated that a dual-mode Ti:Sapphire ring cavity laser can be used to generate a CW 100
GHz beat frequency in LT-GaAs photomixer. The power of the 100 GHz radiation as a function of
the applied bias voltage was measured by a Golay cell with horn antenna. The experiment has been
done in a room temperature of 21 °C and the Ti:Sapphire ring cavity was in open contact with the
laboratory atmosphere.

A maximum power of 0.07 uW was obtained at a bias voltage of 7 V with an input laser power
of around 35 mW. From the results, the beat frequency power as a function of applied bias voltage
increased linearly with uncertainties of 20 %. The main reason for the errors was the continuous peak
intensity variation (approximately 10 dB fluctuations) between the modes caused by mode competi-
tion of the photons in the laser cavity and changes in the resonator condition due to air fluctuations,
temperature variations and mechanical vibrations. To reduce these intensity fluctuations, a power
stabilization system should be applied as proposed in the next chapter.



5. Power Stabilization of the Dual-Mode Laser
using Volume Holographic Gratings

5.1. Introduction

The dual-mode power from the Ti:Sapphire ring cavity laser with intracavity etalons was unstable.
The power of each mode varied continuously. Generally, for the modes generated by the ring cavity,
the main factors that contributed to the power instability were:

1) competition between modes in the ring cavity,

2) cavity length and refractive index drift due to thermal fluctuations, and

3) mechanical vibrations, air fluctuations and dust particles influences.

As stated in section 4, power fluctuations contributed to instability of the radiation power from the
photomixer. To improve the power stability we discuss two approaches;

1) A passive stabilization system stabilizes the resonator against thermal and mechanical influ-
ences using a housing.

2) An active stabilization system stabilizes the power using a closed feedback loop such as a
phase-locking loop (PLL).

To demonstrate the active power stabilization system, the dual-mode output coming from the laser
has to be separated into two single modes by an optical tunable filter. Available single-passband
tunable filters are volume holographic gratings (Havermeyer et al. 2004), fiber Bragg gratings (Iocco
et al. 1999), thin film filters (Lequine et al. 2002), Fabry-Perot filters (Stone & Stulz 1987), ar-
rayed waveguide grating (Watanabe et al. 1997), accusto-optic tunable filters (Jackel 1996) and
microelectro-mechanically-actuated tunable filters (Vail 1995).

In this experiment a volume holographic gratings (VHGs) was used to separate the two single
wavelengths for individual power measurement because the VHGs is one of the easiest filters to sep-
arate the modes in the multi-mode operation and it selects only one mode. Most widely used VHGs
are phase gratings with low absorption, fabricated in various media such as photo-refractive crystals,
polymers, dichromated gelatin and photosensitive glasses (Ondax 2006). The power stabilization
using the VHGs for the dual-mode laser was demonstrated and described in the following.

5.2. Theory of Volume Holographic Gratings

The VHGs is a diffractive element that consists of a periodic phase or absorption perturbation
throughout the entire volume of the element as shown in figure 5.1. When the incident beam satis-
fies the Bragg phase matching condition it is diffracted by the periodic perturbation (Ondax 2006)
but the other wavelengths pass through the filter (Hsieh et al. 2004). The Bragg wavelength of the
holographic grating is determined by
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7Lb = ZH(T())/\(T())COSQH, (5.1)

where A, is the Bragg phase matching wavelength, n(7p) is the refractive index of the material at
temperature Ty, A(Tp) is the holographic grating period at Ty, and 6, is the angle of the beam inside
the holographic material. By changing the incident angle, 6,, the Bragg wavelength can be tuned
continuously from 2nA down to 2A/(n? — 1) (Havermeyer et al. 2004).

D
e
Diffraction beam / Transmission beam
A
4
Incident beam

A

Figure 5.1.: The reflection VHGs, the frequency-reflected beam is reflected to the same side of the grating as
the incident beam.

When the temperature changes to Ty + AT then the Bragg wavelength is shifted by the relation:

kb(TO —|—AT) = 21’1(T0—|—AT)A(T0+AT>COS(9H+A9) 5.2)

where A0 is the angle selectivity of a reflective grating and is given by A@ = A /(2nsin6,D), where
D is the effective length of the grating. The angle selectivity improves as the tuning incident angle 6,
increases. When A6 is comparable with or smaller than the Gaussian angular deviation, part of the
Gaussian beam will not be Bragg matched (Havermeyer et al. 2004). The affected wavelength range,
AA, is inversely proportional to the thickness D of the grating and is given by as (Blais-Ouellette
et al. 2006)

AL Acot(6y)

W D (5.3)
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5.3. Experimental Set-up

The schematic overview of the dual-mode power stabilization is shown in figure 5.2. The Ti:Sapphire
laser with the intracavity Fabry-Perot etalons had a ring configuration as shown in the figure. The
effective round trip cavity length was 1.6 m. The direction of circulation of the light was determined
by an optical diode (Faraday rotator) and so reduced the interference effect between clockwise trip
photons and counter clockwise photons. Two modes were filtered by adjusting a birefringent filter
with FWHM of 1.7 THz and two intracavity Fabry-Perot etalons with specifications shown in table
2.4. Final frequency tuning of the etalons was done by a fine tilting mechanism (fine pitch micrometer
and PZT). Again the dual-mode spectrum was analyzed with an Anritsu MS9710C optical spectrum
analyzer.

Power stabilization
system

w=

Optical spectrum

Isolator \
T d
wo modes Analyzer

N (Photomixer)
M4 Beam splitter

Ti:Sapphire
Pump laser heam

Birefringent filter

A2 10 mm (20% reflectivity)
B : 1 mm (30% reflectivity)

Figure 5.2.: Schematic overview of the Ti:Sapphire ring cavity with intracavity mode selection components
and power stabilization system.

The filtered two modes were directed into the power stabilization system. Figure 5.3 shows a
schematic overview of the power stabilization configuration using the VHGs (Ondax Inc.). The laser
beam from the Ti:Sapphire laser was split by the beam splitter, 10 % of which was passed to the
optical spectrum analyzer and reflected, the other 90 % to the power stabilization system. The A1,
A, first passed through the 20 Hz chopper into the first VHGs with a reflectivity of 45 % and with a
resolution bandwidth of 0.2 nm. There, 45 % of the power at A; was diffracted from the VHGs to the
photo diode (D1). A, and the rest of A; were transmitted through the first VHGs to the second VHGs,
which had a reflectivity of 45 % and a resolution bandwidth of 0.2 nm. There, 45 % of the power at
A, was diffracted and went to the photo diode (D2). The detected powers A and B fed to the lock-in
amplifier (LIA) which performed a phase detection of A-B using the chopper reference signal. At
the output of the LIA, the DC signal was proportional to A-B and was used (including polarity) as
an error signal. This was fed into the proportion-integration (PI) controller with an integration time
of 1 ms. The PI controller output controlled the tilt of the thin etalon via the PZT.
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Figure 5.3.: Schematic configuration of the power stabilization system using the VHGs.

The main difficulty in this setup was to optimize the angle of each VHGs. One must carefully
distinguish between the weak reflection from the front surface of VHGs and the diffracted beam.

5.4. Experimental Results

5.4.1. Spectral Bandwidth of the VHGs

A tunable diode laser was used to characterize the spectral behavior of the VHGs with a resolution
of 0.005 nm. The result is shown in figure 5.4. The spectral bandwidth was approximately 0.2 nm
(approximately 100 GHz). Figure 5.5 shows identical measurements at different angles of incidence
(2°,3.5°, 8° and 12°). As shown, the filter peak shifted to shorter wavelength with tilt angle increas-
ing. Also, the spectral bandwidth became narrower with tilt angle increasing. These two results are
described by the formulae 5.1 and 5.3.
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Figure 5.4.: Transmission curve of the VHGs. The scanning laser resolution bandwidth was 0.005 nm.
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Figure 5.5.: The filtered wavelengths as a function of the tilt angle of the VHGs. The angles were 2°, 3.5°, 8°

and 12°.
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5.4.2. Dual-Mode Laser Operation

To select two modes in the multi-mode ring cavity laser, two intracavity etalons were installed as
described in section 5.2. The difference frequency between the modes was 100 GHz, determined by
the FSR of the thin etalon. The spectrum observed by the optical spectrum analyzer is presented in
figure 2.25.

5.4.3. Power Stabilization using the VHGs

A typical error signal of the output PI controller is shown in figure 5.6. It was recorded by a National
Instrument Data Acquisition system (NI DAQ) controlled by a LabView program. The integration
time was 1 ms. The error signal depended on A-B and was fed back to the PZT controller to make a
fine adjustment to the tilt of the thin etalon. The adjustment maintained the transmission peak of the
thin etalon aligned in frequency within the transmission peak of the thick etalon (see figure 2.15).
Figure 5.7 show the peak power difference between two modes recorded for 600 s long periods by
the optical spectrum analyzer controlled by LabView. The integration time was 1 s. In the case
of operation without the power stabilization system, the fluctuating power difference was ~ 10 dB
with occasional excursions to 30 dB. As presented in the figure, the power difference with the power
stabilization was less than 3 dB except for a few moments. It is clearly shown that the power stability
was improved when the power stabilization system was on. By comparing figures 5.6 and 5.7, one
notes that the times of the peaks are identical. However, the peaks that appear indicate single-mode
operation for very short periods of time. An explanation of this behavior is hard to give here.

-0.8

Output voltage from PI controller

Voltage (V)

"o 200 400 600

Time (Second)

Figure 5.6.: The output voltage from the PI as a function of time. The output voltage was recorded by LabView
program developed by NI (National Instrument Inc.) with the integration time of 1 ms.
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Figure 5.7.: The power difference between two modes with and without the power stabilization system
recorded by LabView program with the integration time of 1 s.

5.5. Summary

Two longitudinal modes were filtered by the intracavity etalons in the ring cavity. Air fluctuations,
thermal fluctuations and mode competition between the photons contributed to power instability,
causing continuous power fluctuations. A power stabilization experiment using the two VHGs with
45 % reflectivity improved stability dramatically. Without stabilization system, the power difference
between two modes fluctuated by ~ 10 dB with occasional 30 dB excursions. With the power
stabilization system, fluctuations were less than 3 dB except for a few moments. To confirm that
the feedback loop was working, the output voltage from the PI controller and the power difference
between the two modes were recorded by LabView. As shown in figure 5.6 and 5.7, the error signal
follows the power difference.

The power difference fluctuations were greatly reduced by the power stabilization system except
for few moments. The events are so fast that the servo system could not react in time. Future
improvements could be achieved by using a better stabilization system such as a thermally stabilized
box, which would also help to reduce acoustic effects.



56

5.5. Summary




6. The Molecular Composition of an
Oxygen-Rich Asymptotic Giant Branch Star

6.1. Introduction

6.1.1. The Final Stages of Stellar Evolution

In a main-sequence (MS) star, the stellar interior consists of the nuclear burning core and, going
radially outward, the convection zone and the radiation zone. The energy is generated in the core
and then transferred toward the surface either by radiation or convection depending on which is more
efficient at the prevailing physical conditions.

When all hydrogen (H) is transformed into helium (He) in the core, the nuclear energy release
stops and the core starts to resume gravitational contraction and its interior becomes hotter. Then the
outer layers expand and become cooler, resulting in the star glowing redder. The star is now called
a red giant. At one point, He fusion begins and, simultaneously, H-burning also occurs in a shell
around the He core. In the Hertzsprung-Russell diagram (HRD) (see figure 6.1) the star evolves to
a pulsationally unstable red giant star onto the Asymptotic Giant Branch (AGB). At this stage, mass
loss from the evolved central star produces an expanding envelope. Further on, carbon (C) is fused
in the core and then oxygen (O) (Yamamura et al. (1996), Fukasaku et al. (1994)).

6.1.2. Structure of AGB stars

The structure of an AGB star is that of a C and O core surrounded by He-burning and, further out, H-
burning shells, and, around these, an enormous convective envelope. Following core He exhaustion,
the ignition of the He-burning shell is accompanied by a large increase in the energy burning rate, at
least for the more massive stars. This energy output causes the star to expand and the H-burning shell
is extinguished. Regions progressively further inward become unstable to convection and, thus, the
depth of the convective envelope increases, mixing the products of H-burning to the surface in what
is called the second dredge-up (for masses above about 4 M). The He-shell forms and advances
outward to meet the H-shell. When the second dredge-up occurs, it hastens the coming together of
these two shells (Lattanzio & Frost (1997), Lattanzio (2002), see Habing & Olofsson (2003) for a
comprehensive source on AGB stars).

After this, the output of the He-shell becomes unstable, resulting in a thermal pulse or shell flash. It
is caused by the high temperature dependence of the He-burning reactions. Shell flashes are divided
into four phases. During the on phase the He-shell provides the energy and drives a convective zone
from the He-shell almost all the way to the H-shell. During the power-down phase the convection
dies away and the star expands in response to the energy input from the He-burning. This expansion
causes the outer regions to cool and the H-shell is essentially extinguished. During the second
dredge-up, the bottom of the convective envelope moves inward and can penetrate the region which
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Figure 6.1.: In this Hertzprung-Russell diagram the red line traces the complete evolution of a star of mass 2
M, (Herwig 2005).

was previously part of the inter-shell convective zone. This is called the dredge-up phase, and it
mixes the freshly produced C to the surface. Finally, the dredge-up stops, the star contracts again,
the H-shell is reignited and the star enters the off or inter-pulse phase. During this the star is powered
primarily by the H-shell with secondary energy provided by the He-shell. Instabilities in the outer
envelope can cause AGB stars to pulsate on periods of several hundred days (Lattanzio 2002).

The structure of an AGB star is sketched in figure 6.2. An AGB star is made up of five regions:
1) the region just outside the stellar core where nuclear burning occurs, 2) the pulsating envelope of
the star which includes H- and He-shells and, on the outside, the bulk of the stellar atmosphere, 3)
the inner circumstellar envelope, 4) the main circumstellar envelope, and 5) the far outer envelope,
which terminates in the interstellar medium (Glassgold 1996).

6.1.3. Characteristics of AGB stars

According to their evolutionary status, AGB stars are characterized by low surface temperatures,
T, < 3000 K, high luminosities up to several 10* L, by a peculiar chemical composition and their
very large geometrical size (Habing 1996). The atmospheres of these giant stars provide favorable
thermodynamic conditions for the formation of complex molecules, due to the low temperatures
and, simultaneously, high densities. Once molecules reach a distance from the star at which the
temperature is lower than the dust condensation temperature, rapidly dust is formed. Radiation
pressure on the dust drives it away from the star. Molecules surviving dust formation are accelerated,
too, due to dust-grain collisions (Goldreich & Scoville 1976).

In general, these highly evolved stars are surrounded by envelopes with expansion velocities of
5 kms~! to 40 kms~!. They have high mass loss rates of 1078 to 10~*M.yr~!. The material lost
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Figure 6.2.: Sketch of an AGB star. A slice of the star with the space divided into the star proper, circumstellar
matter (an inner transition zone and the main circumstellar envelope), and the interstellar medium (Glassgold
1996).

during this period, enriched with nuclear material, complex molecules, and solid dust particles, is
recycled to the interstellar medium. According to some sources, up to 90 % of the total dust mass
returned to the interstellar medium is produced by star evolving along the AGB (Gehrz 1989).

6.1.4. Chemical Composition of AGB Star Envelopes

The chemistry of circumstellar envelopes of cool evolved stars is of considerable interest in the con-
text of millimeter and infrared observations of a wide variety of molecules. The chemical reactions
in circumstellar envelopes producing diverse molecules are a mixture of various types of reactions
depending on the physical conditions. Typically chemical equilibrium reactions dominate in the
high temperature (7' ~ 2000 K), high density (n > 10'?> cm~3) innermost region close to the stellar
atmosphere.

The chemistry of the atmosphere and, further out, the circumstellar envelope (CSEs) around AGB
stars is dependent on the chemical class (O-rich, C-rich, or in between). The stars are classified either
as M stars (C/O < 1), S stars (C/O = 1) or C stars (C/O > 1). The optical and infrared spectra of AGB
stars show absorption from the stars’ atmospheres. M-type stellar spectra are dominated by lines
of oxygen-bearing molecules, e.g., the metal oxides SiO and TiO, and H,O. In C star atmospheres
carbon-bearing molecules like, a.0., CH, C,, CoH; and HCN (see figure 6.3) are found. CO is easily
observable in M-, S-, and C-stars (Tsuji (1964), Tsuji (1973)).

Further away from the star, once dust forms and density and temperature drop, the chemistry
is determined by neutral-neutral (radical) reactions (in an intermediate region) and ion-molecular
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Figure 6.3.: Overview of an AGB star (Habing & Olofsson 2003).

reactions. In the latter regions, first, parent molecules begin to break down and recombine into
other species. Further out, the daughter molecules reach their peak abundances. In the outermost
regions, photons from the interstellar radiation field influence the chemistry and finally dissociate
all the molecules (Willacy & Millar 1997). These regions are best observed by millimeter- and
submillimeter-wavelength spectroscopy.

6.1.5. IK Tau

The Mira variable IK Tau, also known as NML Tau, is located at 0pp00=3"53"28%.8, 8,000=11°24'23".
It was found to be an extremely cool star having large infrared (J-K) excess (Alcolea et al. 1999) con-
sistent with a 2000 K black body. IK Tau shows regular optical variations with an amplitude of 4.5
mag.

IK Tau is an O-rich star of spectral type ranging from M8.1 to M11.2 (Wing & Lockwood 1973).
Its distance was derived by Olofsson et al. (1998) to be 250 pc assuming a stellar temperature of
2000 K for their radiation transfer model of the IR excess. The pulsation period is ~ 470 days (Hale
et al. 1997). The systemic velocity of the star is 33.7 kms~!. Mass-loss rates estimated from the
CO(J=1-0) line range from 2.4 x 10~ M, yr—! (Olofsson et al. 1998) to 5.1 x 10~® M yr~! (Knapp
& Morris 1985).

In the cicumstellar envelope of IK Tau maser emissions of OH (Bowers et al. 1989), H,O (Lane
et al. 1987), and SiO (Boboltz & Diamond 2005) and thermal emission of SiO, CO, SiS, SO, SO,
and HCN have previously been found (Lindqvist et al. (1988), Bujarrabal et al. (1994) and Omont
et al. (1993)). Obviously, IK Tau is a prime candidate for circumstellar chemistry studies.
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6.2. Observation and Data Reduction

The observations were performed with the APEX (Atacama Pathfinder Experiment) 12 m telescope
in Chile. At the 5100 m high APEX site on Llano de Chajnantor the amount of precipitable water
vapour (PWV) is typically 0.5 mm but can in exceptional cases fall below 0.1 mm. The image in
figure 6.4 shows the atmospheric transmission between 200 GHz and 900 GHz for different PWV
values (see APEX homepage, http://www.apex-telescope.org).

1.0

—PWV =02
PWV =06
PWV =12

0.8

0.6

Transmission

0.4

0.2

| IR /
0.0 N 1 N I | Ly N, )
200 300 400 500 600

900
Frequency (GHz)

Figure 6.4.: Zenith atmospheric transmission on Llano de Chajnantor at 5100 m altitude for the frequency
range from 200 GHz to 900 GHz for three different PWV values.

The data were obtained during observing periods in November 2005, April 2006 and August 2006.
The receivers used were the facility APEX-2A and the MPIfR FLASH receivers (Heyminck et al.
2006). Typical system noise temperatures were about 200 K — 1000 K at 290 GHz and 350 GHz,
1000 K at 460 GHz and 5000 K at 810 GHz, respectively. The spectrometer for the observations were
Fast Fourier Transform Spectrometers (FFTS) with 1 GHz bandwidth and the channel width for the
279 GHz and 381 GHz observations was approximately 122.07 kHz (8192 channels), and for the
460 GHz and 810 GHz observations 488.28 kHz (2048 channels). For the observations, a position-
switching mode was used with the reference position typically 180" off-source. The antenna was
focused on the available planets. IK Tau itself was strong enough to serve as a pointing source, thus
small cross scans in CO were done to monitor the pointing during the observations. The telescope
beam sizes (HPBW) at frequencies of the observed molecular lines are shown in table 6.1. The
antenna beam efficiencies are given in table 6.2 (Giisten et al. 2006).

The spectra were reduced using the CLASS package (Forveille et al. 1989). To calculate the



62 6.2. Observation and Data Reduction

Species Transition v {MHz) HPBW (")
2co 3-2 345796.00 18
4-3 461040.78 14
7-6 806651.81 8
3co 3,-2, 330587.94 19
Sis 16- 15 290380.31 21
17-16 308515.63 20
19-18 344778.78 18
20-19 362006.34 18
Sio 7-6 303926.81 20
8-7 347320.59 18
80 7,-64 301286.13 20
84-7 344310.63 18
80, 331-220 313279.72 20
17 17 - 164 1 313660.84 20
45-34s 332505.25 19
18350124 34533853 18
Bas-4ag 351257.22 18
1441014544 351873.88 18
cs 6-5 203012.25 21
7-6 342883.00 18
HCN 4-3 354505.47 18
2gi0 7-6 30012047 20
8-7 342580.84 18
®si0 7-6 296575.75 21
8-7 338920.03 18
CN N=3 - 2, J=5/2 - 3/2 340031.56 18
N=3 - 2, J=7/2 - 5/2 340247.78 18
H,0 104g- Dae 321225.63 19
B5is-4sp 326152.91 19
B310 V=1,7-6 301814.30 20
V=1,8-7 344916.35 18
V=3,7-6 297595.41 20
2310 v=1,7-6 298047.33 20
*gio V=1,8-7 336602.44 19

Table 6.1.: Observed lines of each molecule and beam sizes (HPBW).
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Receiver Beam efficiency
APEX-2A 290 GHz 0.80
APEX-2A 350 GHz 0.73

FLASH 460 GHz 0.60
FLASH 810 GHz 0.43

Table 6.2.: Beam efficiencies of the each receivers used.

main-brightness temperature of the source (7Tyg) the following relation was used:
T
Neft

Here T is the antenna temperature measured and 7)efr is the antenna main-beam efficiency of
APEX (see table 6.2). The molecular species were identified using the XCLASS program (Schilke,
priv. com.).

Ty = 6.1)

6.3. The Observed Molecular Species toward IK Tau

Thirty four transitions from 12 molecular species including maser lines were detected with the APEX
telescope toward IK Tau. The identified molecular lines are listed in table 6.1. Figures 6.5 to 6.9
display the spectra of the detected lines. The chemical formation processes of the detected molecules
are described in Appendix B.
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Figure 6.6.: Spectra of lines from the SiS and SiO molecules with Gaussian fits.
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6.3.1. Line Parameters of the Detected Thermal Emission Lines

To get the intrinsic brightness temperatures, the spectra were corrected by the beam-filling factors
assuming a CO source size of 20" (Bujarrabal & Alcolea 1991), a HCN source size of 3.85” (Marvel
2005) and source sizes for the other molecules of 2.2” (Lucas et al. 1992). The beam-filling factor is
given by

03

~ 92 o2
05+ 6;
where 65 is the source size and 6y is the half-power beam width (HPBW). Both source and beam

are assumed to be circular Gaussians. Then the intrinsic brightness temperature is computed by

(6.2)

1
T, = }TMB (6.3)

where Ty is the measured main beam brightness temperature.

Line parameters were derived from Gaussian and expanding shell fits with CLASS. The observed
line parameters and the line parameters after correcting for the filling factor are given in table 6.3 and
6.4, including the expansion velocity Vexp, the main beam brightness temperature Ty, the integrated
area, and the parameters of the Gaussian and expanding shell fits.

6.3.2. Results

The parameters of the fits are: (i) the FWHM linewidth for Gaussian fits, (ii) an expansion velocity
for expanding shell fits. The Gaussian linewidths of most of lines are distributed from 20 kms~! to
35 kms~! and the expansion velocities are distributed from 16 kms~! to 21 kms™!.

When the signal-to-noise ratio is high enough to warrant a consideration of the shape of the line
profiles they appear to be characteristic for circumstellar envelopes (see more detail in Zuckerman
(1987)): '2CO lines have the parabolic shape of optically thick lines and '3CO has the double-horn
shape of spatially resolved optically thin lines. SiO with its isotope lines and SiS lines have the
parabolic shape of optically thick lines. Some of the SO lines show the square shape characteristic
of unresolved optically thin lines and some of them have the parabolic shape of optically thick lines.
CN lines have the unresolved double-horn shape of optically thin lines. CS and SO lines have the
square shape of unresolved optically thin lines for low excitation transitions and the parabolic shape
of optically thick line for high excitation transitions. HCN shows a global parabolic shape with a
weak double-peak profile on the top.
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6.4. Molecular Abundances

Individual molecular density distributions may differ substantially from the total gas density dis-
tributions due to chemical processes in the CSE. The fractional abundance of species A is given
as

fa(r) = na(r) (6.4)

a I'H, (r ) '
Where ny, (r) is the number density of Hy and n4(r) is the number density of the species A.
In this section, estimates of molecular abundances and rotational temperatures are described. The
rotational temperatures were obtained by the rotational diagram analysis.

6.4.1. Rotational Diagram Analysis

In order to derive the rotational temperature 7;; and the total column density Nt of the molecules,
the rotational diagram analysis method (see Blake et al. 1987) was used under the assumption that
(1) all lines are optically thin, ( ii ) local thermodynamic equilibrium (LTE) prevails and ( iii ) the
excitation temperature between the upper and lower levels is such that Tex > Ty, where T, is the
background temperature (in our case that of the cosmic microwave background, i.e., 2.7 K). Then
the integration of the standard radiation transfer equation yields (Blake et al. 1987).

No 3kc [ Tydv 65)
gu  8m3u2sv?
where V is the transition frequency, u is the permanent dipole moment in Debye, S is the line
strength, [ T,dv is the velocity-integrated intrinsic brightness temperature and N,, g, are the column
density and degeneracy of the upper transition state, respectively. Further, N, /g, may be replaced by
below equation on the assumption that the population distribution is thermalized at a single rotational
temperature Tio (=Tex):

& = 7NT efEU/kTrot

8u Q(Trot)

Here Nt is the total molecular column density summed over all levels, E, is the energy of the

upper transition state and Q(7,o) is the rotational partition function at temperature T;o;. Then the
following relation can be obtained from the equations taking the natural logarithm:

(6.6)

1 (3kcf deV) 1 NT Eu
n =In -
8m3u2sv? O(Trot)  kTrot

Appendix C presents the rotational diagrams of the molecules observed by APEX and additionally
some lines at lower frequencies (see table 6.6) from the literature. Table 6.5 presents the obtained
rotation temperatures and total column densities of individual molecules.

The CO intensities in the rotational diagram cannot be fit with a single line. The reason might
be that in rotational diagrams high optical depths of the lines will have the effect to reduce the
calculated column densities. In the case of high optical depths the computed abundances will be
only lower limits to the actual ones. Some of the variations of the abundance estimates seen in table
6.6 for a molecule might be caused by the variations in optical depths of the different transitions. This

6.7)
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is addressed in Appendix D.1: Take for example the trend of CO opacities with rotational quantum
number J: The highest opacities are expected for the mid-J transitions. SiS on the other hand is
fit well over a wide range of energies. For SiO, again the mid-J transitions seem to be suppressed,
leading in this case also to an underestimate of the temperature. For a temperature twice as high,
the mid-J transitions would suffer from the highest optical depths (see Appendix D.6) which would
explain the distribution of the lines in the rotational diagram.

Species Trot (K) N (cm?)
2co 47.0(3.7) 1.32x10"7 { 2x10™)
Bco 21.4(4.9) 1.27x10" { 4x10™)
5iS 85.8 (11.1) 4.46x10" { 1x10™)
Si0 17.1 {1.0) 8.24x10"™ (1x10")

S0 27.2(27) 6.35x10"° { 2x10™)
50, 67.5(6.8) 2.02x10" { 4x10™)
Dgio 66.8 {82.3) 2.48x10" { 4x10™)
Pgio 30.0{155) 7.12x10™ { 9x10™)
cS 33.9(4.7) 8.89x10" { 2x10™)
HCN 8.3(05) 2.27x10" { 5x10™)

Table 6.5.: Rotational temperature and column density with uncertainties (no systematic errors included).

6.4.2. Molecular Abundance Calculation

In order to calculate molecular abundances, it was assumed that all of the observed molecular tran-
sitions are optically thin and the envelope is spherically symmetric. I followed the same method
for the calculation of molecular abundances as used in Olofsson et al. (1991). For an optically thin
rotational line (/ — J — 1) of a linear rotor the abundance with respect to H; is given by

2
ve. . BD T
feo =3.8x 107167, 22 & exp(

h(Bo x 10°)J(J +1) 1
e.
M ulBiJ?

kTux >j;f“ exp(—41n2x?)dx

(6.8)

where T, (= T\p) is the antenna brightness temperature, Tiy is the excitation temperature (= Tror),
Uo is the dipole moment in Debye, B is the rotational constant in GHz, vex, is the gas expansion
velocity of the CSE in kms™!, B is the beam size in arcseconds, D is the distance to the source in pc,
M is the mass-loss rate in M, yrfl, and x; (= 0.5Ry/B in arcseconds), x, (= 2Ry/B in arcseconds)
are the inner and outer radius of the CSE. The photospheric radius is given by Habing & Olofsson
(2003)

x M 15 fco
R — 10'6(0.g[ e 0.7 0.6 0.6 '
ph.co = 107(0.8[— 7] +6[ =] [vexp] [fo3) ) em (6.9)
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A mass loss rate of M = 4.7 x 107° Mg yr‘1 (Teyssier et al. 2006) and a radius of Ry = 107
cm for the molecular emitting region were adopted to calculate the abundance of '2CO and '*CO.
For the other molecules, values for the outer radii were adopted of 2 x 10> ¢cm for SiO (Bujarra-
bal et al. 1994) and 1 x 10'® cm for the other molecules because some of the molecules exist fur-
ther out than SiO. The expansion velocity is 18 kms~! determined by the expansion shell fitting of
the '2CO(3 —2) line. The excitation temperatures, Tex, were determined by the rotational diagram
method.

The abundances of the other molecules (except SO») with respect to CO abundance (3 x 1074,
Knapp & Morris (1985)) were estimated by the equation given by Lindqvist et al. (1988):

h(By x 10°)J(J + 1) 1

Ty(x) f(CO)*® B Ty (x)
4 kTex (x) )f;f” exp(—41n2x?)dx

- (x) = 8.7 d
filx) T,(CO) D u2Bir”

(6.10)

The SO, abundances with respect to H, were estimated by the equation given by Morris et al.
(1987):

T,(S02) VepBPQ(Tex) 1 I
2x 108 MugSv  exp[—1.44E,/Te] [;* exp(—41n2x?)dx

fso, = (6.11)

where Q(T.x) is the molecular partition function (=~ 1.15Te§/ 2, see more detail in Omont et al.
(1993)), E, is the energy of the upper state of the transition, S is the line strength, and v is the
frequency of the transition.

The obtained abundances of the molecular transitions are given in table 6.6.

6.4.3. Results

We estimated the rotational temperatures and the column densities of the detected molecules us-
ing the rotational diagram analysis assuming that the lines are optically thin and the circumstellar
envelope is in LTE (Tex = Tot).

The fractional abundance of CO, whose lines all have very high optical depth, relative to H, was
determined using a Monte Carlo non-LTE method as described in § 6.7.

By using the derived rotation temperatures the fractional abundances for the other species with
respect to CO were obtained.

The most uncertain parameters used to derive the fractional abundances were Tix, D and x, (the
outer radius). Tcx was obtained from the rotational diagram analysis, D was from the literature, and
the outer radius of x, has been adopted differently for individual molecules. The absolute abundances
depend on the uncertain mass-loss rate, but the relative abundances between molecules should be
accurate, except for optically thick lines (Morris et al. 1987). Many of the observed molecules show
optically thick profiles and individual transitions have different opacities. Therefore, the abundances
were estimated for each transition for some molecules (see section 6.4.2). The line opacity may
be expected to be larger for higher J rotational transitions so that lower J rotational transitions are
expected to be better probes of the abundance. In general, an optical depth > 1 will lead to an
underestimate of the molecular abundance.

Table 6.7(a) lists the averaged abundances of molecules from this research and the literature, and
Table 6.7(b) lists the abundance from chemical models calculated by Duari et al. (1999). Compared
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Speccies Abundance Photosphere radius Refarence
iele] {1-0) 5.6x10™ 1.2x10" 1)
(2-1) 1.3x107 5.6x10"™ 1)
(3-2) 1.2x107 5.3x10™
{4-3) 1.0x107 5.1%10™
(7-6) 1.5x107 6.1x10™
BCo {1-0) 2.2x107 2.6x10™ 1)
(2-1) 8.8x10" 1.9x10™ 1)
{3-2) 2.3x10° 2.6x10™
cs (2-1) 1.8x107 2)
(3-2) 8.7x10% a)
(B-5) 1.3x107
(7 6) 11107
SO (2:-19) 1.3x107 4)
(5g-45 7.6x107 3)
(7:-64) 1.5x107
(85-77) 8.0x107
50, (3:3-252 3.4x10” 4)
(1019~ 10 54} 2,310 4)
(10 310-9 19 3.6x10% 4)
(331-2z0) 1.3x107°
(17 447 - 18 518 1.0x10°
434-3:2 21x107
(13 3242-12449) 55x10°
(533-43:7) 7 1x107
(14 4 15- 14 344) 1.9x10®
Sis (5-4) 6.3x107 3
(16-15) 51x107
(17-16) 7.0x107
(19-18) 6.2x107
(20-19) 7.0x107
Sio (2-1) 6.2x10" 3)
{3-2) 58x10" )
{5-4) 1.5x10™ 4)
(7-6) 35110
(8-7) 8.4x10™"
#3i0 (7-6) 21107
(8-7) 6.1x10°"
si0 {7-6) 1.8x107
(8-7) 31x107
HCN {(1-0 2.0x107 3
(4-3) 1.2x10™

Table 6.6.: Molecular abundances and photosphere radius with individual transitions. The references for data
taken from the literature are 1) : Bujarrabal & Alcolea (1991), 2) : Lindqvist et al. (1988), 3) : Bujarrabal et al.
(1994) and 4) : Omont et al. (1993).
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to the literature (Bujarrabal et al. (1994), Lindqvist et al. (1988) and Omont et al. (1993)), the abun-
dance of CO of this research is 1.4 ~ 1.7 times less than the published results, the CS abundance is
1.3 times higher than Bujarrabal et al. (1994) result and 2.3 times less than Lindqvist et al. (1988)
result, the HCN abundance is 1.4 times less than Bujarrabal et al. (1994) result and 1.2 times higher
than Lindqvist et al. (1988) result, the SiO abundance is 3.3 times less than Bujarrabal et al. (1994)
result and 1.7 times higher than Omont et al. (1993) result, the SiS abundance is 1.4 times higher than
Bujarrabal et al. (1994) result and 1.1 times less than Lindqvist et al. (1988) result, the SO abundance
is 5.7 times less than Bujarrabal et al. (1994) result and 4 times less than Omont et al. (1993) result,
the SO, abundance is 1.2 times less than Omont et al. (1993).

Compared to the calculated abundances, the '2CO abundance is 2.6 times less than the calculated
result (Duari et al. 1999) at 2.2 R,, the CS abundance is 2.2 times less than the literature value at
2.2 R, that of HCN is 3 times less than the literature value at 2.2 R,, that of SiO is approximately 8
times less at all radii, that of SiS is 5.4 times less at 1 R, and that of SO is roughly 5.5 times higher
at2 R,.

In summary, since more transitions have been included in the current study, one expects our results
to be an improvement over the previously available observed abundances.
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6.5. Spatial Distribution of '>CO

To map the circumstellar envelope, 30 positions distributed on a 5x 6 grid parallel to the 2 coordinate
axes were observed. The grid spacing was 9” (half the FWHM beamsize at 345 GHz). A raster
mapping procedure was used along the parallel grid lines with an integration time of 15 s. Pointing
observations were made by observing cross scans on IK Tau itself. The spectra of the >CO(3 —2)
transition were taken for a region of 45x54” and are plotted in figure 6.10.

The source size as a function of radial velocity was derived as shown in figure 6.11. The envelope
of IK Tau appears roughly spherical in '2CO(3 —2) with a deconvolved extent at half maximum
of approximately 20”. The radius of the emission region is then 4 x 10'® cm assuming a source
distance of 250 pc. The FWHM has been also been computed by fitting a Gaussian source model to
the integrated antenna temperature distribution. The FWHM was approximately 20”. This value is
similar to the one found in Bujarrabal & Alcolea (1991).

20 —

10 —

10 jwumwmm’%mmwﬂwwmmwmwﬁ

=20 AR e AR AN

Figure 6.10.: Map of '>CO J=3-2 line emission toward IK Tau. The grid spacing was 9”. The main-brightness
temperatures in the spectra range from 0.5 K to 3.3 K.
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Figure 6.11.: Contour maps of the >CO J=3-2 line emission for IK Tau integrated over 10 kms~! centered at
velocities of 15 kms™!, 25 kms™!, 35 kms~! and 45 kms~!, respectively. One velocity interval is centered
near the stellar radial velocity (33.7 kms™!).The contour values are 20 % to 90 % and 99 % of the maximum
integrated intensity in each velocity interval, which is 7, 29, 32, and 26 Kkm s~! for the 15, 25, 35, and 45
kms~! channel, respectively. The 50 % contour is drawn in boldface.

6.6. Maser Emission

The association of OH, H,O and SiO maser emission with oxygen-rich red giants and supergiants
provides a useful probe of the spatial structure and kinematics of their circumstellar envelopes and
of the mass loss process in these stars (Lane et al. 1987). The spectral line profiles of masers con-
tain important information on the conditions of the masing region (masing regions exist in IK Tau
due to their large mass-loss rates and the physical conditions in the circumstellar shells), such as
the thermal line width of the particle distribution and optical depth (Vlemmings & van Langevelde
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2005). Menten & Young (1995) suggested that H,O and SiO masers coexist probably in the hot and
dense regions within the central few stellar radii and are located in the same parts of circumstellar
envelopes.

6.6.1. H>,O Maser Lines

H,O is one of the most abundant molecules in the envelopes of cool oxygen rich evolved stars
(Menten 1996) but visually not observable from the ground. The exception are strong maser lines
emitted from high-lying energy levels that are poorly populated at the temperature of the Earth’s at-
mosphere. H,O masers are located in the inner parts of circumstellar shells at distances of 104 ~ 101
cm from the central star (7-70 AU =~ 10-20 R.), where the temperatures are between an 300 K and
1000 K, the number densities of H are 10’ — 10° cm~ and N(H,0)/N(H,) is assumed to be about
10~* (Benson & Little-Marenin 1996).

Figure 6.12 shows the 321 GHz and 325 GHz H,0 maser lines observed toward IK Tau. The
321 GHz spectrum shows a single peak near the stellar velocity V, = 33.7 kms~!. The 325 GHz
spectrum shows a broad emission profile shifted to the red with respect to the stellar velocity (see
table 6.8).

As shown in the figure (see also table 6.6), the velocity of 321 GHz emission is smaller than that of
325 GHz. This is also observed toward other stars. As a reason for this, Yates et al. (1995) suggested
that the emission region and maser pumping mechanism of these two maser lines are different. This
is understandable since the lower energy level of the 325 GHz line lies only 470 K above the ground
state while that of the 321 GHz line is 1861 K above ground. It means that the 321 GHz maser is
excited nearer to the central star.
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Figure 6.12.: The 321 GHz and 325 GHz H,0O maser emission lines observed toward IK Tau.
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6.6.2. SiO Maser Lines

Masers from vibrationally states of the SiO molecule arise from the innermost layers of the circum-
stellar envelopes between 2 and 4 R, (Diamond et al. 1994). SiO masers need high temperatures
(> 1000 K) and densities (> 10° cm—3) for their excitation (the v = 1 state of SiO is 1770 K above
ground, Alcolea (2004)). SiO masers were detected in the three main isotopic substitutions of SiO,
288i0, 29Si0 and 3°Si0, in the rotational transitions J = 7 — 6 and J = 8 — 7 of the fundamental v=1
and v=3 vibrationally excited states (see table 6.8, see also figure 6.13). The masers were identi-
fied from a list of SiO transition calculated by K. Menten from molecular constants presented by
Mollaaghababa et al. (1991).

The figure shows the detected SiO maser lines toward IK Tau. The 28i0 (v=1, 7-6) spectrum
shows a broad emission profile shifted to the blue with respect to the stellar velocity, (8-7) spectrum
shows a single peak shifted to the red and (v=3, 7-6) shows a single peak near the central velocity.
298i0 (v=1, 7-6) shows a double peaks shifted to the blue. 308i0 (v=1, 8-7) shows an unresolved
double peak near the stellar velocity (see table 6.4).

Specios Transition uncorr. / cor. uncorr. / com. Valogity (km ™)
H;O 1039~ 935 1.36/103 4.31/326 33.4
S15-4322 2.09/158 37.9/2864 35.0
23i0 V=1,7-6 0.44/36.8 3.64 /305 32.5
Vv=1,8-7 0.29/19.7 1.00/67.9 34.6
v=3,7-6 0.36 7 30.1 1.22 /102 33.4
2310 V=1,7-6 0.41/34.3 1.63 /136 32.9
510 V=1,8-7 1.40 /106 5.40 / 408 33.8

Table 6.8.: Line parameters of the detected masers.

6.6.3. Results

Maser emission of H,O at 321 GHz and 325 GHz, and 28SiO, 2°SiO and 3°SiO in the rotation
transitions 7-6, 8-7 of the v=1 and v=3 vibrational excited states was detected. A discussion of
their excitation is beyond the scope of this work. Future subarcsecond resolution observations of

these lines with the Atacama Large Millimeter Array will allow studies of the innermost envelopes
of O-rich AGB stars.

6.7. Molecular Emission Model

CO lines are amongst the best tools to estimate the global properties of circumstellar envelopes, since
the abundance of CO is quite constant across the envelope, except for photodissociation effects at
the outer edge (Teyssier et al. 2006). Moreover, the spatial distribution of CO was found from our
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Figure 6.13.: 28Si0, 2°Si0 and 3°SiO maser emission lines in rotational transition J =7 — 6 and J = 8 — 7 of
the fundamental v=1 and v=3 vibrational excited states observed toward IK Tau.
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mapping observation to have a spherical shape (see section 6.5). A detailed multiline non-LTE study
of CO can therefore be used to determine the physical properties of the envelope. It can also account
for opacity effects, which are evident from the line profiles and the non-linearity in the rotational
diagram. In this section, we used the one-dimensional version of the Monte Carlo code developed
by Hogerheijde & van der Tak (2000), to simulate the CO emissions and SO, emissions. The basic
idea of the Monte Carlo method is to split the emergent radiative energies into photon packages,
which perform a random walk through the model volume. This allows the separation of local and
external contributions of the radiation field. This makes it possible to calculate the radiative transfer
and excitation of molecular lines.

The Monte Carlo method for molecular line transfer has been described by Bernes (1979) for a
spherically symmetric cloud with a uniform density. The code is formulated from the viewpoint of
cells rather than photons. It shows accurate and fast performance even for high opacities (for more
details see Hogerheijde & van der Tak (2000)). For the analysis, the circumstellar envelopes are
assumed to be spherically symmetric, to be produced by a constant mass-loss rate, and to expand at
a constant velocity.

6.7.1. CO Emission

For the case of a steady state, spherically symmetric outflow, the gas density as a function of radial
distance from the center of the AGB star is

M
“”‘5?@;; (6.12)
where m is the mass of the typical gas particle, assumed to be m ~ 3 x 1072* gram, since the gas is
mainly molecular in AGB envelopes (Teyssier et al. 2006). In the Monte Carlo simulation, typically
10° model photons are followed throughout the envelope until they escape. The region is divided
into spherical shells with an inner radius and an outer radius. The CO abundance and expansion
velocity were considered constant within each shell. The initial input parameters were based on the

modeling by Teyssier et al. (2006). The kinetic temperature was assumed to vary as

116

r(em)

Ty is the temperature at ~ 10'® cm. The best fit model parameters are presented in table 6.9. With
the radial profiles for density and temperature given by equations 6.12 and 6.13 the program solved
for the molecular excitation as a function of radius. Beside collisional excitation, radiation from the
cosmic microwave background and thermal radiation from local dust were taken into account. The
result was integrated in radial direction over the line of sight and convolved with the appropriate
antenna beam (van der Tak et al. 2003).

T=T % + Thg. (6.13)

6.7.2. SO, Emission

In order to model the circumstellar SO, line emission the non-LTE radiative transfer code was used
as well. SO, exists probably in the inner part of envelopes since the excitation temperature estimates
range from 50 K to 80 K. SO; lines are optically thin given to the opacities obtained (see Appendix
D.10). However, in the rotational diagram (see Appendix C.6), the line intensities do not depend
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R Res Mass-loss rate fea Voxp Ty o Toq

{10 emy | (10" cm) Mgy 10" | (kms™ K (K

Co 1 630 4.7x10° 3 18 40 0.8 27
*co 1 700 47107 0.3 18 50 0.8 27

Table 6.9.: Input parameters for the CO emission model.

linearly on the energies of the levels, which is an indication of non-LTE excitation. Therefore, SO,
was also modeled with the non-LTE code. The adopted input parameters are presented in table 6.10.
The main differences to the CO result is a smaller outer radius and an abundance of 5 x 107°,

R, Ransz Mass-loss rate fanz Ve T o Thg
(10™ em) | (10™em) (Moyr™) (104 [ (kms™ (K) K
50, 1 70 4.7x10° 0.05 18 50 0.8 2.7

Table 6.10.: Input parameters for the SO, emission model.

6.7.3. Results
1. CO Emission

An extensive radiative transfer analysis of circumstellar CO was performed, using the Teyssier et al.
(2006) parameters as starting values. The results of the model fits are shown in figure 6.14. In figure
6.15 the models for '2CO with different inner radii, different 7y, and different outer radii are shown.
Fits to offset positions are shown in figure 6.16, and models for *CO with different Ty are presented
in figure 6.17.

As shown in figure 6.14, the overall line profiles were fit very well for the higher J transitions
(12CO(3—2), 12CO(4 —3), 12CO(7 — 6)) observed in the course of this work. However, the model
intensities of the lower transitions (?*CO(1 —0) and '>2CO(2 — 1)) from the literature are somewhat
higher than the observational results but the shapes were fit very well. For this reason, the column
density is probably too high for the lower transitions. The mass-loss rate and the CO abundance
affect the radiative transfer because the number of CO molecules depends on the total density, which
is proportional to the mass-loss rate. If the lines are optically thin then the intensity scales with the
CO column density (Crosas & Menten 1997). The *CO(3 — 2) line also clearly shows a double-horn
profile and the best fit results in a somewhat different 7y and a different outer radius, although the
best fit for T; from '>CO gives still a reasonable fit to the '>CO line (figure 6.17). As shown in the
figure, the intensities of the profiles do not change so much with T but the lines show a flat shape on
the top at low temperatures of 30 K and 40 K, and a double-horn shape at higher temperatures.

As shown in figure 6.15, the line shapes and intensities in all transitions were not influenced by the
inner radius variations because the >?CO emission contributing dominantly to the spectra arises from
regions further out in the envelope. Outer radius variations, did not change significantly the shapes
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of higher excitation lines. From this result, we can expect that the >?CO(1 — 0) emission arises from
parts of the envelope that are further out than the region from which higher transitions arises an one
would expect. To test the prediction of the model on the size of the CO distribution, model spectra
were computed with 13 positions distributed on a 7x7 cross grid (63x63” region). The determined
envelope size at half maximum is approximately 20”. By comparing the spatial distribution of the
observational result (see figure 6.11) and the modeling result (see figure 6.16), the radius of half
maximum is approximately identical with 20”, comparable to the observed size.
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Figure 6.14.: Best model fits of the CO transitions to the available set of data at offset (0”,0”) for IK Tau. For
each of the panels, we show the CO transitions and the telescope used to obtain the spectrum displayed. All
temperatures are in Tyyp. '2CO(1—0) and '2CO(2 — 1) are from Teyssier et al. (2006). ‘pv’ means the IRAM
30 m telescope in Pico Veleta.
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Figure 6.15.: Model fits with different input parameters to the set of data at offset (0", 0”) for IK Tau. (a) inner radius variation: (red line) 0.1 x 10
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Figure 6.17.: Model fits of the 13CO transition with different 7. The numbers in the upper left corner of each
box indicates Ty in K.

2. SO, Emission

An extensive radiative transfer analysis of circumstellar SO, was also performed. The modeled
emission lines are presented in figure 6.18. As shown in the figure, the model fits reasonably well
the SO, (3 —2), SO, (4 — 3), and SO (5 — 4) lines. However, the model did not fit the high excitation
SO,(17 —16), SO,(13 —12), and SO, (14 — 14) lines. As shown in the Appendix, the predicted Tyip
values for the SO, transitions depend on the kinetic temperature (see Appendix D.12) and also on
the column densities (see Appendix D.11). Introducing a much hotter component of SO, will still
not reproduce the observed intensities of the high excitation lines. In a study of SO, in star forming
regions van der Tak et al. (2003) had this problem as well. They solved the problem by increasing
the SO, abundance arbitrarily by a factor 100 in the inner hotter regions probably caused by ice
evaporation of solid SO;. Since in the model for IK Tau the SO, abundance is already quite high,
introducing a jump of a factor 100 would lead to unreasonable high SO, abundances. A possible
cause of the discrepancies between model fits and observed line intensities toward IK Tau and the
star forming regions could be the treatment of the collisional rates for highly excited SO, states: In
the models, the rates were taken from Schoier et al. (2005). Green (1995) only computed the rates
for lower excitation levels and the rates for the high excitation levels were extrapolated by Schoier
et al. (2005). Those extrapolations could be wrong. Finally, one cannot exclude misidentification of
the observed line features, although they are very close to the frequencies expected in IK Tau (see
Figure 6.18). An important test for the different explanations of the SO, results will be to repeat the
observations of the high excitation lines and also to extend those observations to other high excitation
lines not observed in this study.
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6.8. Summary

The molecules detected toward IK Tau using the APEX telescope were HCN, 12c, 13CO, CS, CN,
SiS, Si0, #Si0, *Si0, SO and SO,. Also, maser lines were observed from H,O, *Si0, #SiO
and 3°SiO. By fitting the profiles of the molecular lines, we find that the FWHM linewidths of the
thermal emission lines are distributed in the range from 20 kms~! to 35 kms™! and the derived
expansion velocities are distributed in the range from 16 kms~! to 21 kms~!. Characterized by their
line shapes, some molecular lines show the parabolic shape of optically thick lines and others show
the double-horn shape or the square shape of unresolved optically thin lines.

To estimate the spatial distribution of the '>CO(3 — 2) emission, mapping observations were per-
formed. The radius of the spatial distribution at half-peak integrated intensity is 20" or 0.024 pc at
the distance of IK Tau.

The rotational temperatures and the column densities of the detected molecules were estimated.
Using the rotation temperatures, the fractional abundance of CO and SO, with respect to H, and
the other species with respect to CO were obtained. The chemical modeling by Duari et al. (1999)
can reproduce the observed abundances within a factor of 5. In particular, SiS is much lower than
the observed values at 2.2R, but is close to the observed value at 1R, to 1.5R,, implying that SiS
is produced deeper in the envelope than the other molecules. SO also shows a much lower value
than the observed values at all radii. This means that this molecule is probably formed in the outer
envelope of IK Tau. Comparing the averaged abundance of molecular transitions from this work and
the literatures (Bujarrabal et al. (1994), Lindqvist et al. (1988) and Omont et al. (1993), see figure
6.19), the abundances of most molecules are close to the previous observed values except for the SiO
and SO abundances. Since in our study low and high frequency lines are combined, one can expect
that these results are more reliable than the previous ones.

H>0O maser lines at 321 GHz and 325 GHz were detected. The 321 GHz H,O maser spectrum
shows a single peak near the stellar velocity. The 325 GHz H,O spectrum shows a broad emission
profile shifted to the red with respect to the stellar velocity. The velocity spread of 321 GHz line is
smaller than that of 325 GHz line because the emission region and maser pumping mechanism of
these two maser lines are different. The 325 GHz transition has an excitation temperature of 470 K
and the 321 GHz transition has a much higher excitation temperature of 1861 K. Therefore, the 321
GHz maser is excited closer to the central star. Furthermore, SiO masers were detected in the three
main isotopic substitutions of SiO within different vibrational states. All lines are centered within a
few kms~! of the stellar velocity.

An extensive radiative transfer analysis of circumstellar CO and SO, was performed using a
model with a power law structure in temperature and density and a constant expansion. Overall,
the observed line profiles were fit very well by the model for the observed transitions (2CO(3 —2),
13CO(3-2), '2CO(4 —3), and '>CO(7 — 6)). The line shapes and intensities in all '>CO transitions
were not influenced by variation of the inner radius, which is understandable since the bulk of the
12CO emission is produced in the outer envelope. The intensities depend strongly on the assumed
temperature for the higher transitions. Fits with different outer radii did not change the intensities
of the higher transitions. Comparing the spatial distribution of the observations and the modeling
result, the radius of half maximum was approximately identical with 20”.

We found that the model fits well the SO,(3 —2), SO, (4 —3), and SO,(5 —4) lines but not the
higher excitation SO,(17 — 16), SO,(13 — 12), and SO, (14 — 14) lines. Hence, either the later three
lines were misidentified as SO, lines or the extrapolation of collissional rates for the high excitation
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Figure 6.19.: Abundance comparison of this work to the literature (Bujarrabal et al. (1994), Lindqvist et al.
(1988), Omont et al. (1993), and Duari et al. (1999)). The errors were estimated from the abundance variation
with different transitions (see table 6.6). Abundances from the chemical models by Duari et al. (1999) used
were selected at radius of 2.2R, (5 x 10'3 cm).

lines is not accuarate enough. Further observations of other highly excited SO; lines are needed to
resolve this issue. The non-LTE model of SO, has an abundance of 5 x 10, consistent with the
range of abundances estimated using LTE (see table 6.6).



7. Conclusions

7.1. Dual-Mode Laser for a Photonic Local Oscillator in the
Submillimeter Band

I have investigated the use of the Ti:Sapphire laser in order to generate two frequencies in the same
laser for a photonic LO. To generate the dual-mode in the multi-mode laser, two intracavity Fabry-
Perot solid etalons were installed. The thin etalon selected two colors, thus determining the expected
difference frequency (i.e. the expected LO frequency). The thick etalon selected only one mode in
the thin etalon transmission curve. Most modes were suppressed by mode competition. Finally, two
modes separated by 100 GHz difference were selected. The output power was approximately 200
mW. The spectral width of the Ti:Sapphire laser beam was measured to be 12 kHz, adequate for
submillimeter spectroscopy. The frequency stability, which is the FSR variation of the ring cavity,
was measured to be 332 kHz when the room temperature changed by 4+ 1.3°C around 20 °C. The
frequency drift (FSR change) was probably caused by thermal expansion of the cavity material.
To observe the spectral width of the mixing product of two modes produced by the Ti:Sapphire
laser, a 34 GHz mixing product was studied first, because the available maximum bandwidth of a
commercial photodetector is around 50 GHz. From the observed spectrum, the spectral width of the
34 GHz beat frequency was ~ 6 kHz at a resolution of 910 Hz and only one mode was transmitted
through each overlapped transmission peak of the two etalon transmission curves combined. The 34
GHz beat frequency drift was ~ 50 kHz maximum during three hours. The reason for the frequency
drift was most likely thermal expansion of the etalons. A 100 GHz LO signal could be generated
by illuminating a LT-GaAs photomixer with a tuned dual-mode Ti:Sapphire laser. The power of the
100 GHz radiation generated by the photomixer was measured by a Golay cell with horn antenna
as a function of the applied bias voltage. A maximum power of 0.07 W was obtained at a bias
voltage of 7 V with an input laser power of around 35 mW. The beat frequency power as a function
of applied bias voltage increased linearly with uncertainties of 20 %. The main reason for the errors
was the continual peak intensity variation (approximately 10 dB fluctuations) between the modes
caused by mode competition of the photons in the laser cavity and changes in the resonator condition
due to air fluctuations, temperature variations and mechanical vibrations. To reduce these intensity
fluctuations, a power stabilization system using VHGs was demonstrated. Without the stabilization
system, the power difference between the two modes fluctuated by ~ 10 dB with occasional 30 dB
excursions. With the power stabilization system, fluctuations were greatly reduced to less than 3 dB
except for a few events that were too fast for the servo system to react in time.

Future Improvements:

To reduce the frequency drift, the etalons should be made of a low thermal expansion material such
as diamond for the solid etalon or a vacuum air-spaced etalon mounted in a holder made from low
thermal expansion material such as Invar or Zerodur for the mode selection components. To reduce
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the intensity fluctuations, a power stabilization system should be considered with, for example, a
thermally stabilized box.

Outlook:

Although the present Ti:Sapphire ring cavity laser is difficult to use at frequencies above 100 GHz,
because the adjacent resonator modes are so close together, its broad gain profile and its high gain
make it still attractive as a two frequency source for a photonic LO. Unlike with diode lasers an
additional optical amplifier is not needed. The spectral width is narrow enough to adopt for use
in submillimeter spectroscopy. However, the stability of the frequency and power are sensitive to
external factors such as thermal fluctuations, mechanical vibrations, and air fluctuations.

For the fixed LO source at a frequency as low as 100 GHz, the laser power is sufficient to generate
the beat frequency using a LT-GaAs photomixer. However, for a tunable LO source from a few
hundreds of GHz to a few THz band, the dual-mode laser using the Ti:Sapphire ring cavity laser
is not useful. The output powers of the dual-mode at frequencies higher than 200 GHz decreases
exponentially because the two modes exist at the edge of the transmission curve of the birefringent
filter. Because the photomixer conversion efficiency also decreases with frequency, in the above
setup we could not generate enough beat frequency power for SIS mixer operating.

For LO frequencies higher than 100 GHz (even into the THz region) another concept with a shorter
cavity may be tried in order to obtain a suitable and larger mode separation. However a smaller cavity
may result in wider lines.

To build a photonic LO at such high frequencies, a tunable diode laser with an amplifier might
be useful candidate. The disadvantages of the diode laser are the poor frequency stability and the
linewidth is roughly 1 MHz with an integration time of 1 s. However, these disadvantages may be
improved by the laser stabilization system using an optical frequency comb generator (OFCG).

The photonic LO will be implemented in an upgraded version of FLASH, operating at 1 THz.
This making, however, was outside the scope of this PhD work.

7.2. The Molecular Composition of an Oxygen-Rich Asymptotic Giant
Branch Star

Thermally excited spectral lines from 27 transitions of 11 molecular species were observed with the
APEX telescope toward IK Tau. Maser lines of H>O at 321 GHz and 325 GHz, and 8SiO, *SiO
and 3°SiO were also observed.

The fractional abundances of CO with respect to H, and the other species with respect to 2CO(1 — 0)
were determined and compared to existing chemical models. The improved abundance estimates of
this study will allow refinements of the chemical models in the future.

An extensive radiative transfer analysis of circumstellar CO and SO; has been performed. A model
using a power law structure for the density and temperature fits our CO observations very well and
can reproduce the lower energy lines of SO,. The bulk of the >CO(1 —0) emission is produced
further out in the envelope than emission from higher transitions.

This study shows that IK Tau is a good laboratory to study the conditions in circumstellar en-
velopes around oxygen-rich stars with submillimeter-wavelength molecular lines.
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Outlook:

IK Tau’s circumstellar envelope contains a plethora of molecules whose moderate to higher excitation
transitions can be observed at submillimeter wavelengths. Apart from many C- and O-containing
molecules, IK Tau shows a remarkably high abundance of S-bearing molecules, whose chemistry
strongly depends on temperature through its connection with the oxygen chemistry.

Molecular line modeling predicts the abundance of each molecule as a function of radial distance
from the star. Therefore, to get a clearer picture of the chemistry, mapping observations for molecules
other than CO should be performed. Since most of the submillimeter emission from less abundant
molecules probably arises from the inner part of the envelope at 2 — 4” (except CO) meaningful
observations require interferometers such as the future Atacama Large Millimeter Array (ALMA).
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A. The Transmitted Intensity of the Fabry-Perot
Interferometer

The multiple output beams differ in phase due to the different path lengths traversed by each of the
beams. The optical phase acquired by the light on one round trip through the etalon is given by,

0= 47rndcos(9) A1)
A
where ¢ is the optical path difference of neighboring transmitted rays, 6 is the angle of incidence in
the etalon, A is the wavelength and d is the physical cavity thickness and # is the index of refraction.
The amplitude of each of the transmitted waves can thus be written (see figure 2.7),

A =t'A;, Ay =t'r?e%A;, Az =t rFteH0A,, . (A.2)
The sum of transmitted wave amplitudes, A; is

, . 1t
At:Aitl/(1+r/2€l¢+r/4€21¢+---):%Ai (A.3)
1 —rr'et?

The fractional output intensity, 7 = % (I; is the transmitted intensity and /; is the incident intensity)

from an ideal etalon is given by
P A ()

i AAT (1—rr)2+4Vrrsin?(¢/2)

where the power reflectivity R = 2 in a lossless system with r = 7/, with lossless interfaces r> +
?=1.

Therefore the transmitted intensity is

(A4)

(1-R)(1-Ry)
(1—/RiR2)*+4v/R Rysin?(¢/2)
where [ is the transmitted intensity (same as I;), Iy is the incident intensity (same as /;) when the

ray was transmitted through different refraction index etalon on the both surfaces. R;, R, are the
reflectances of the mirror surfaces.

I=1 (AS)
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B. Chemical Chains of the Detected Molecules

Chemical formation chains of molecules were investigated by Cherchneff (2006) and Duari & Hatchell
(2000). The pathways for the detected molecules are the following. Carbon monoxide is formed from
the trimolecular reaction and the bimolecular process.

C+0+M—CO+M (B.1)
C+OH — CO+H. (B.2)

CS is formed via the destruction of CO

CO+S—-CS+0O (B.3)

SiO is linked to presence of the hydroxyl radial OH,

Si+OH — SiO+H (B.4)

The chemical processes responsible for the formation of HCN involve reactions with cyanogens.
HCN is formed by the reaction

CN+H; — HCN+H (B.5)

CN acts as an intermediary in the formation of HCN and CS and is destroyed quickly by atomic
hydrogen. The reaction is sensitive to temperature. CN is forming by the following routes

N+CH—CN+H (B.6)
N+CS —CN+S B.7)

The parent H,S is photodissociated to HS and thence to S and ST. Both react with oxygen-
bearing molecules such as OH and O,. For r < 10!7 cm, SO is formed by a trimolecular reaction and
a bimolecular reaction

S+0+M—SO+M (B.8)
S+CO—S0+C (B.9)

Towards lower gas temperatures the dominant formation process is

S+OH — SO+ H. (B.10)

and destroyed by reaction with OH to form SO,

SO+ OH — SO, +H. (B.11)
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The chemistry of silicon sulfide SiS is linked to hydrogen sulfide HS and Si

Si+HS — SiS+H (B.12)
Si+S+M — SiS+M (B.13)



C. Rotation Diagrams
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Figure C.1.: The rotation diagram of the '>CO molecule.
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Figure C.4.: The rotation diagram of the CS molecule.
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Figure C.5.: The rotation diagram of the SO molecule.
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Figure C.6.: The rotation diagram of the SO, molecule.
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Figure C.7.: The rotation diagram of the HCN molecule.
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Figure C.8.: The rotation diagram of the SiO molecule.
L=3k[T,dv/ 87 v’ S(enr™)
1E13 . . . T —
I #sio
& APEX
e,
- "
.
e
H“‘x._x
I E1 2 i 1 i L i
50 60 70 80
E,.. | K(K)

Figure C.9.: The rotation diagram of the 2°SiO molecule.
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D. Opacities of the Molecular Lines

The intensity of a molecular line strongly depends on its excitation temperature and the molecule’s
column density. To know how excitation temperature and column density influence the opacities, I
calculated the opacities for each individual molecular line. This procedure is based on the guide of
RADEX (van Langevelde & van der Tak 2004) and the opacities were obtained using RADEX, a
statistical equilibrium radiative transfer code.

In LTE we assumed that the level populations are governed by the Boltzmann equation and are
thus independent of the density. The optical depth in LTE is given by

C2

82

T m%Ag](l — e 1)y (v)As (D.1)
1
where n; is the volume density of molecule in the lower state of the transition, g; and g, are statis-
tical weight of molecule in the lower and upper state of the transition, A;; is the Einstein coefficient
and ¢, (v) is 1/Av. As is N/n (where N is the column density and 7 is the volume density in the
upper or lower state of the transition).
The main beam brightness temperature for unify filling factor is

Tvp = Tex(1 —e7F), (D.2)

if we neglect the cosmic microwave background.
Figures D.1 to D.12 shows the opacities and the main-beam brightness temperatures of the molecules.
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Figure D.4.: The opacities of the CS lines.
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Figure D.6.: The opacities of the SiO lines.
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Figure D.7.: The opacities of the 2°SiO lines.

10 | .
F Malecule: HCN 4
" Kinetic temperature: 9K ]
i Number density(H,): 1.00E+05 cm™ | 1
1-0 Column density: 3.00E+15cm™
Line width: 40 kms” 1
1+ .
‘.
4-3
01 | E
i 1 L L L ]
0 10 20 30 40
Eypoer ! K (K)

Figure D.8.: The opacities of the HCN lines.
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Figure D.11.: Main-beam brightness temperature of the SO, lines with the different column densities.
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