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Abstract

Radio astronomy at Terahertz frequencies (0.1 — 10 THz) is a relatively new branch of astronomy
powered by the development of receiver technologies at these traditionally unexplored wavelengths
which lie between radio frequencies and the far infrared. The difficulty in applying radio or optical
techniques in this range has postponed astronomical observations until recently. A rapid
technological development powered by a renewed interest in applications in this band has allowed
the development of THz receivers to be used for astronomy and astrophysics.

Astronomical observations at these frequencies are critical to understand star and planet
formation in our Galaxy and extragalaxies, interstellar chemistry, and magnetic fields in space,
among others. Black body radiation from the cold interstellar gas peaks at these frequencies, which
makes them very important for continuum observations. The THz range is also especially rich in
rotational spectral lines of fundamental molecules present in the interstellar medium. The careful
study of detected lines allows characterizing the composition, red-shift and chemical and physical
characteristics of astronomical objects. The detection of the polarization of radiation coming from
astronomical sources is also critical to improve our understanding on magnetic fields in space and its
possible influence in star formation processes.

The development of very sensitive receivers at frequencies around 1 THz is very recent, which
makes this spectral region very interesting for astronomy. Improvements in receiver technology
directly impact on our capabilities to study astronomical objects. Improvements in sensitivities allow
detecting fainter objects. Improvements in optical efficiencies allow shorter acquisition times and
deeper observations with a given time. Improvements in polarization discrimination allow better
characterization of magnetic fields.

Receiver radio-frequency (RF) input optics is one of the key elements of receivers for radio
astronomy at THz frequencies. It couples the energy collected by the usually large telescope antenna
into the tiny ultra-sensitive detectors required by radio astronomy. At THz frequencies, optics also
provides an efficient solution for local oscillator (LO) injection in heterodyne receivers. Quasi-optics
provide an elegant and simple theory for the analysis of this kind of optics. In radio astronomy
applications, optics is usually located completely or partly within the confined space of a cryostat,
since detectors are usually cooled down at temperatures near 0 K in order to improve sensitivity.

This thesis describes the design, analysis, and optimization of optics for several receivers to be
used for radio astronomy research in the ALMA (Atacama Large Millimeter/sub-millimeter Array)
and ASTE (Atacama Sub-millimeter Telescope Experiment) telescopes. The focus of this thesis is the
analysis of some recently discovered receiver performance degradations due to fabrication and
alignment tolerances of optical components, which are comparable to their small size, and due to
the effect of the operating environment. The understanding of these degradations becomes critical
to improve performance as detector performance is currently approaching physical limits. The
receiver cross-polarization performance, basic for observations of magnetic fields in space, is also
studied in detail.

LO injection optics aims at providing a stable LO signal to the mixing device. The more stable the
signal, the more stable the operation of the receiver is. This translates into more repeatable
astronomical measurements and the possibility to extend single-observation times. In this thesis, a
horn-to-horn power transmission system has been proposed and useful design equations have been
derived. The concept has been proven by careful measurements and used for the ALMA band 10



receiver (787-950 GHz). A similar system has been successfully used in the measurement of the
beam patterns of a 900-GHz receiver based on HEB mixers developed at the University of Tokyo.
Additionally, simple quasi-optical attenuators based on beam truncation have been design,
fabricated and used on ALMA band 10 receivers. These attenuators have been useful to increase the
sensitivity of the receiver by reducing its noise temperature.

In the case of RF optics, the optical systems of the two previous receivers have been carefully
analyzed theoretically and characterized in the laboratory. A new tolerance analysis method has
been proposed to consider the effect of fabrication and alignment tolerances in optics at THz
frequencies. The application to ALMA band 10 has been useful to determine the expected
performance variations for each one of the 66 cartridges (+7 spares) to be used in ALMA. The
analysis results show good agreement with the measurement results of the 60 cartridges
manufactured and tested so far. The application to the HEB-mixer receiver has been useful to
identify a defective component, which will be replaced in the future. The receiver performance is
expected to be enhanced after this replacement, with the consequent improvement in astronomical
observation capabilities.

When the ALMA band 10 optics was first used within a cryostat, optical performance was greatly
degraded with respect to room-temperature operation. Reflections on the cryostat infrared filters
and window have been identified as the cause of this degradation and solutions have been proposed.
This has allowed an average aperture efficiency improvement as large as 2.5 % at some frequencies.

A new method to estimate the total cross-polar performance of a receiver has been developed
and successfully applied to the analysis of ALMA band 4 (125-163 GHz) and band 10 optics. This
method is based on the modeling by Gaussian modes of the cross-polarization contributions
generated by the different components in a receiver. It aims at obtaining the phases with which
different components combine. It provides clear indications on how to design robust optics in terms
of cross-polarization.

Finally, the frequency dependence of the ALMA band 4 cross-polarization performance has been
analyzed by careful electromagnetic analysis. The dielectric loading of the horn antenna has been
identified as the most likely cause of the cross-polarization degradation measured at some
frequencies.

The new analysis methods and solutions proposed along this thesis are of interest for most
astronomical receivers for observations at millimeter and sub-millimeter wavelengths. The results
presented in this thesis have been applied to the ALMA band 10 receiver and to the University of
Tokyo HEB receiver and have contributed and/or are expected to contribute to improve the
performance of both receivers. In particular, this work contributed the unprecedented receiver
performance of the ALMA band 10 receiver. In turn, this means enhanced observation capabilities
and the possibility of performing more and better astronomical observations in the relatively
unexplored 900-GHz region.

Additionally, the careful research on cross-polarization has allowed understanding the limitations
of the ALMA band 4 receiver in terms of polarization discrimination. An improvement of the
polarization discrimination capability of this receiver is difficult due to different constraints. However,
the results of this thesis should be helpful to improve our understanding on cross-polarization
generation in receivers and to not making the same mistakes in future receivers. Therefore, these
results will be useful to understand how to design receivers which can measure the polarization of
the incoming signal with high accuracy. Such a performance will open a new field in astronomy and
astrophysics by allowing us to measure the magnetic field and its distribution in space with
unprecedented sensitivity. The role of magnetic fields in space is still poorly understood and an
outstanding problem which requires new receiver developments. Polarization discrimination

performance such as that of the ALMA band 10 receiver is useful to tackle this problem properly.
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Chapter 1

Introduction

1.1. Terahertz Radio Astronomy

Since Galileo pointed a small home-made telescope to the skies in 1610 until around the 1930s,
astronomical observations were mostly limited to the visible part of the spectrum. In the 1860s,
James Clerk Maxwell proved that light was electromagnetic radiation and with the aid of his famous
equations, he determined that “light” can exist at any wavelength [1]. This constitutes a theoretical
base for astronomy at any frequency. However, the lack of receivers to detect radiation at
frequencies other than visible or the near ultraviolet (UV) made that observations at other
frequencies had to wait for a while. In a happy accident, Karl Jansky from Bell Laboratories, pointed
a radio antenna to the sky and got some unexpected extraterrestrial radiation at a wavelength of
14.6 m (20.5 MHz) which was not coming from the Sun. That was the beginning of radio astronomy
[2]. We now know it is radiation from plasma in the interstellar medium in the Galactic Center region.
After that, powered by the huge development of microwave technology motivated by World War 1I,
observations at radio frequencies multiplied and many discoveries were done [3]. For example,
different molecules such as OH, NH3, H,CO, HCN or CO were found in interstellar clouds in the next
decades [4]. Radio observations also paved the discovery of new objects such as pulsars, quasars or
radio galaxies [5]. In 1965, Wilson and Penzias detected the microwave cosmic background (CMB)
spectrum, which corresponds to a black body radiation at around 3 K [6]. After radio astronomy was
established as a branch of astronomy, other frequency bands such as high energy X-rays and gamma
rays or the near and far infrared have since been used for observations after appropriate receivers
became available [7-8]. Observations in different parts of the spectrum provide information about
different physical processes. Therefore, the combination of results of observations in different
frequency bands helps to achieve a comprehensive understanding of astronomical sources. Figure
1.1 shows a comparison of images of the Orion Nebula in visible and IR frequencies. The IR image
shows the cold gas between stars, whereas the visible image highlights the stars.

Today, we know that the universe is mostly composed of very cold dust and molecular gas (10 -
50K) with hotter denser regions (100-200K). The blackbody radiation associated to these
temperatures peaks at frequencies in the far infrared and the sub-millimeter regions of the
spectrum [9]. Therefore, the THz region (0.1-10 THz) is a very interesting spectral region for



continuum observations of dust broadband thermal radiation. At these frequencies, gases at
temperatures between 10 and 200 K present strong atomic and molecular emission lines. As an
example, figure 1.2 shows the spectral lines in a sample spectrum around 151.5 GHz and the
molecules associated to each spectral line. The study of these spectral lines provides information
about the chemical composition and physical conditions in interstellar clouds and it is thus important
to understand the nature and evolution of the interstellar medium. The study of the chemical
composition of regions where stars are formed is also very important for a better understanding of
star formation processes [10].

Infrared,

Figure 1.1. Comparison of visible (left) and infrared (right) images of the Orion Nebula.
Different features are observable at different spectral ranges.
(SOURCE: http://www.eso.org/public/images/es01006d)
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Figure 1.2. A sample spectrum in the 2-mm wavelength region for source G327.3-0.6
(SOURCE: [11])
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Due to the expansion of the universe and according to Hubble’s law (1929), the recessional
velocity of galaxies is proportional to their distance to the Earth [12]. In turn, this means that
spectral lines are shifted by Doppler Effect to lower frequencies, e.g. red-shifted, and distant galaxies
are more red-shifted than nearby galaxies. Many interesting spectral lines of far away galaxies are
shifted into the THz range. In particular, red-shifts of 2-4 correspond to an age when galaxy
formation was especially active, and this can be readily observed at THz frequencies. Finally, the THz
range is also interesting to investigate young star regions which strongly emit in the UV or visible
range but are covered by dust clouds. The size of dust particles is very close to the radiation
wavelength. Dust is therefore a very efficient scatterer of UV, visible and even Near Infrared
radiation. This absorbed radiation is re-emitted in the THz region [13].

In order to give some clear examples of astronomical observations in the THz range, it is
convenient to focus on a specific frequency interval for observations, so-called radio-frequency (RF)
bandwidth. Much of the work in this thesis is done in the frequencies corresponding to band 10 of
the ALMA (Atacama Large Millimeter/sub-millimeter Array) telescope [14], which extends from 787
GHz to 950 GHz. The most interesting scientific opportunities at this band are summarized next:

1. This frequency band contains many unique lines which are key tracers of the interstellar
medium:

-The upper transition of Cl (neutral atomic carbon) at 809 GHz provides information about
the physical and chemical conditions at the interfaces between dense and more diffuse
molecular clouds. This line corresponds to a temperature of 62 K and complements the
information which can be obtained at 492 GHz, which corresponds to a temperature of 24 K [15-
16].

-The HDO (deuterated water molecule) transitions at 849 and 894 GHz are useful to derive
the water vapor abundance and physical conditions of the environment around molecular clouds.
It also probes the H/D enrichment with respect to the interstellar medium [17].

-Lines of CO 7-6, HCN 9-8 and 10-9 and HCO" 9-8 and 10-9 near 800 GHz are very good
indicators of physical conditions in hot and dense parts of molecular clouds.

-Observations of CH+, 13CH+ transitions at 835 and 831 GHz [18] will be used to investigate
physical conditions of diffuse envelopes of molecular clouds, which will provide us with an
important clue to understanding the formation processes of molecular clouds.

2. There are also many red-shifted lines in this frequency band, such as the 1.899 THz line of Cll,
which is a key tracer of the cooling processes of gas in the interstellar medium, and can be observed
with red-shifts in the range z=1to 1.4.

3. The continuum emission from dust peaks at around this band. Observations with high
angular resolutions at this band are useful to study proto-planetary disks.

Traditionally, the main inconvenient for the development of THz astronomy has been the non-
existence of receivers. THz frequencies are too high for radio techniques and too low for optical
receivers. In recent years, there has been a strong technological development in this frequency
range powered by many interesting applications in the fields of astronomy, medical science,



spectroscopy, atmospheric science or security, among others. In the case of astronomy, large
diameter antennas and very sensitive receivers are required to collect and detect the faint radiation
coming from astronomical sources. In the last three decades, several ultra-low-noise
superconducting detector technologies have been established [19]. Examples of heterodyne
receivers are Superconductor-Insulator-Superconductor (SIS) mixers [20] and Hot Electron
Bolometer (HEB) mixers [21]. Examples of direct detectors are Kinetic Inductance Detectors (KIDs)
[22] and Transition Edge Sensors (TES) [23]. The development of these superconducting technologies
has been mostly driven by the need of high sensitivity detectors for astronomy.

The Earth atmosphere also poses a challenge to THz astronomical observations. The atmosphere
absorbs much of the THz radiation coming from space. However, there are some frequency bands or
windows at which the atmosphere does not completely absorb THz radiation [24]. Therefore, these
atmospheric windows determine the frequencies at which THz astronomy is possible from the Earth
surface. One of the main factors of atmospheric attenuation is water vapor content. This explains
that most planned or already existing THz telescopes are located at very high elevation and in very
dry places, such as the Atacama Desert in Chile [25] or in high-elevation sites in Antarctica [26]. The
other possibility is to use space telescopes located far away from the Earth atmosphere, such as ESA
Herschel [27], located on an orbit around the Lagrangian point L2.

1.2. Receivers for THz Astronomy

Astronomical receivers can be divided in two different categories: direct detectors and
heterodyne detectors. The first are based on directly detecting the amount of incoming radiation,
without considering the phase at which it arrives. When photons arrive at a direct detector, the
temperature of the receiver changes and that can be detected through some change in some other
physical parameters, such as resistance or inductance. The main advantage of direct detection is that
it is extremely broadband, which makes these detectors appropriate for continuum observations.
However, they require some kind of spectrometer at the receiver input when spectroscopic
observations are performed. Unfortunately, the spectral resolution of spectrometers is around some
GHz at frequencies in the THz range, which translates in velocity resolutions in the order of 100 km/s,
which is not enough for most applications. Velocity resolutions in the order of 0.01 km/s are
necessary to observe fine velocity structures of spectral lines. Currently, this kind of resolutions can
only be obtained with heterodyne detectors. In heterodyne detectors, the incoming astronomical
(RF) signal is down-converted to a lower intermediate frequency (IF) in the order of GHz by means of
a local oscillator (LO) signal of well-known phase. Therefore, the phase difference between the
incoming RF signal and the LO signal can be readily obtained at GHz frequencies. In other words, a
full region of the RF spectrum, whose bandwidth is the same as the IF bandwidth, is brought down
to lower frequencies at which fast electronics can analyze the information with great detail and
efficiency. The inconvenient of heterodyne receivers is that the observational bandwidth is limited
to the IF bandwidth, which is normally limited by technology. In the case of SIS mixer receivers, the
limit is due to the IF low noise amplifiers, whereas in the case of HEB receivers, it is due to the HEB
mixers. Therefore, each kind of receivers (direct or heterodyne) is appropriate for different
applications, depending on whether our observations require large bandwidth or good spectral
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resolution. For example, direct detectors are useful for microwave background studies, imaging or
continuum observations. Heterodyne detectors are necessary for spectroscopy or interferometry. A
brief description of the main kinds of astronomical receivers follows.

1.2.1. Direct detectors

Transition Edge Sensors (TES)

A TES is a cryogenically-cooled particle detector based on the strong temperature dependence of
the normal conductor — superconductor phase transition. A TES is normally composed of a
superconductor, normally tungsten, titanium or aluminum, on a constant temperature bath, whose
temperature is slightly below the superconductor critical temperature, Tc. The superconductor is
biased at constant voltage. When an incoming photon hits on the sensor, it is absorbed and the
temperature of the sensor increases slightly with respect to the bath. Due to negative electro-
thermal feedback, the sensor resistance increases causing the current through the sensor to drop in
order to reduce the Joule dissipated power. After the photon is absorbed, the temperature equals
the bath temperature again and the resistance comes back to nominal. Changes in the bias currents
of sensors can be detected by the sensor read-out, which usually uses SQUIDs (Superconducting
QUantum Interference Device).

The magnitude of the resistance change per absorbed photon is inversely proportional to the
sensor heat capacity. Therefore, small heat capacities are preferable, which means small sensor size.
The design of the thermal link between the superconducting material and the thermal bath is also
critical. If the thermal conductivity is too low, it is difficult to cool the sensor back to the bath
temperature. However, if the thermal conductivity is too high, the change in temperature due to
incident photons is directly absorbed by the bath itself and there are no changes in sensor resistance.
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Figure 1.3: Working principles of a TES detector (SOURCES: left: AIST Today, No.34, p.21, Apr.
20009; right: http://web.mit.edu/figueroagroup/ucal/ucal tes/)

The main advantage of TES is their extreme sensitivity. For example, they will be used in the
SAFARI instrument [28] of the future JAXA mission SPICA [29], for which NEP (noise equivalent
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power) in the order of 1e-19 W/VHz are required. TES have already been successfully applied in a
number of astronomical projects, e.g. SCUBA-2 [30], ACT (Atacama Cosmology Telescope) [31] and
South Pole Telescope [32].

Kinetic Inductance Detectors (KIDs)

KIDs are cryogenically-cooled particle detectors based on the change of kinetic inductance which
occurs when incoming photons break Cooper pairs and generate excess quasi-particles. The kinetic
inductance is inversely proportional to the density of Cooper pairs. Therefore, it increases when
Cooper pairs are broken. This inductance is combined with a capacitor to create a resonance at
microwave frequencies. When photons reach the detector and the kinetic inductance changes, so
does the resonance frequency. An electronic readout is used to detect the changes in the
resonances. Multiple detectors can be read out using a single common transmission line, such as a
coplanar waveguide. Typical superconducting materials for KIDs are Al, Ti or Nb. Operating
temperatures are usually in the 100 mK range.

Figure 1.4. Photograph of a MKID camera pixel (SOURCE: [34])

The possibility of frequency multiplexing in the read-out allows using a high number of sensors
per read-out channel and is one of the strengths of this kind of direct detectors. KIDs are the most
promising current technology for large cameras for sub-mm astronomy. Cameras for THz astronomy
using KIDs have already been used in the Caltech Southern Observatory (CSO) [33], in the Atacama
Path Finder Experiment (APEX) [34] or in the IRAM 30-m Pico Veleta telescope [35].

1.2.2. Heterodyne detectors

As explained before, heterodyne receivers are required for applications in which very high
spectral resolutions are needed. Additionally, they are also used for applications for which phase
information is important. For example, they are necessary for phase interferometry. Phase
interferometry [36] is a very popular technique for radio-astronomy based on the combinations of
signals from different single-dish telescopes to recreate observations with an equivalent dish whose
diameter would be the distance between antennas. This technique allows synthesizing large



apertures with modest aperture antennas. ALMA [37] is probably the most famous operative phase
interferometer at the moment and it will be described in more detail in section 1.3.

Heterodyne receivers were originally developed at radio and microwave frequencies, and then,
used at higher and higher frequencies well into the THz band. At lower frequencies, at which
amplifiers are readily available, the down-conversion of RF signals is preceded by pre-amplification
in order to improve the noise performance of the whole receiver according to Friis formula (1.1) [38].
Friis formula relates the system total noise temperature T, to the noise temperature T; and gain G;
of each component.

Tj T T
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The use of pre-amplification also simplifies the noise requirements for the mixing device, since
the noise temperature of the mixer is divided by the pre-amplifier gain. However, at THz frequencies,
there are no amplifiers available. Therefore, the first element in the receiver chain just after the
optics will be the mixer. This means that extremely low noise and low conversion loss mixers are
required at THz frequencies. Consequently, THz mixers for astronomy are usually based on
superconductors and cooled down to cryogenic temperatures. Mixers down-convert a small
bandwidth at astronomical observation frequencies (RF) to microwave intermediate (IF) frequencies
by using a local oscillator (LO) signal. The mixing is performed by exploiting some physical non-
linearity, for example, the non-linearity in the I-V (current-voltage) curve of a SIS junction. Therefore,
the resulting signal contains a copy of the RF bandwidth at IF frequencies, but also a series of
harmonics of all the signals involved. As a first order approximation, which is valid for a good mixer
design, the frequency down-conversion can be expressed as stated in (1.2):

fir = Ifrr — fLol (1.2)

Equation (1.2) indicates that RF frequencies below and above the LO frequencies by the same
amount will end up at the same IF frequency. The use of frequency discrimination schemes
introduces a possible classification of heterodyne receivers:

1. SSB (Single Side-Band) receivers use an additional filtering scheme to detect only the Lower
Side-Band (LSB), fie=f o-fre>0, or the Upper Side-Band (USB), fie=fzr -f.o >0

2. DSB (Double Side-Band) receivers do not add any additional frequency discrimination

3. 2SB receivers detect the LSB and USB simultaneously

After the corresponding IF signal is generated, it can be amplified by a LNA (Low Noise Amplifier).
The LNA is the first amplifying element in the receiver chain and, therefore, it must present a
moderate gain and very good noise performance in order to keep the system noise as low as
possible. Often used LNAs for THz receivers are InP HEMT (Hot Electron Mobility Transistor)
amplifiers and SiGe HBT (Heterojunction Bipolar transistor) amplifiers. Once the IF signal is amplified
in the LNA, noise contributions of other components are not critical according to (1.1). A schematic
of a typical DSB heterodyne receiver is shown in figure 1.5.
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Figure 1.5. A schematic of a heterodyne receiver at THz frequencies

Superconductor-Insulator-Superconductor (SIS) mixers

SIS mixers exploit the strong non-linear behavior of Josephson junctions [39]. Josephson junctions
are formed when two superconductors are separated by an insulator and their electron pair wave
functions are weakly coupled. When the voltage applied to the junction exceeds the value 2A/e,
where A is the superconductor gap voltage, Cooper pairs are broken into quasi-particles, which can
tunnel though the junction. When a LO signal pumps the junction, photons break Cooper pairs and a
quasi-particle tunnel junction can be established even for voltages below 2A/e, between (2A-hf)/e
and 2A/e. This phenomenon is known as photon-assisted tunneling and can be seen in the SIS
junction I-V curve (junction current ¢ as a function of the applied DC voltage Vp¢) in the way of the
so-called photon steps. This is shown in figure 1.6.
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Figure 1.6. Typical SIS mixer junction current Ipc as a function of the applied DC voltage Vpc
(Source: IRAM. Available: http://www.iram.fr/IRAMFR/ARN/jan99/node2.html)

There can be more than one photon step, due to Cooper pair breaking by multiple photons. The
voltage width of these photon steps equals hf/e too. The SIS junction is normally biased at the first
photon step, near the junction strong non-linearity. The mixing theory for this kind of junction was
developed by Tucker [40] and it is known as quantum mixing. In the SIS junction, Cooper pairs can
tunnel from one superconductor to the other even when no voltage is applied. Additionally, due to
the AC Josephson effect, the junction can oscillate at some frequency depending on the applied bias
voltage. The Josephson frequency is:

f] — &V (21.3)



where the coefficient multiplying the bias voltage V is equal to 483.6 GHz/mV. If the incoming
radiation equals the Josephson frequency, the beat between the two signals creates steps in the |-V
curve known as Shapiro steps. These steps cause extra noise and are undesirable. Fortunately, they
can be removed by applying an appropriate magnetic field. In practice, SIS mixers include some kind
of permanent or variable magnet to mitigate the AC Josephson effect.

The maximum frequency at which an SIS junction can produce mixing is given by the material gap
energy. When the frequency of the incoming signal increases, the first photon step gets wider and
wider, eventually reaching zero voltage. Due to the odd symmetry of the I-V curve for negative
voltages, the photon step at negative voltages is at negative currents. If the frequency is increased
further, the photon steps will enter voltages with the opposite sign and photon-step currents will
cancel each other. Therefore, increasing the frequency beyond zero voltage translates into a
narrowing of the photon step. The frequency can be increased until its value reaches 4A/h. At that
frequency, the photon step would disappear. In practice, there must be some margin to 4A/h for
efficient mixing. For example, the critical temperature for Nb, the most common superconducting
material in SIS junctions, is 9.2 K. According to the BCS theory, the approximate relationship
between the gap energy and the critical temperature is 2A=3.52kgT,. This means that the maximum
frequency at which Nb can be used in SIS junctions is 1.35 THz. Above this frequency, other materials
such as NbN should be used. Unfortunately, the use of higher Tc materials in junctions is difficult due
to the difficulty to fabricate high quality films among other problems.

The quantum mixing theory shows that SIS mixers can achieve a minimum noise temperature
known as the quantum noise limit, Ty=hf/kg. In practice, Nb/AlO,/Nb junctions can achieve noise
performance close to this fundamental limit. Apart from very high sensitivity, SIS junctions provide a
wide instantaneous IF bandwidth. The final IF bandwidth is actually limited by the LNA bandwidth,
not by the SIS mixer. A wide IF bandwidth allows the instantaneous observation of the equivalent RF
bandwidth. Therefore, it decreases the time necessary for astronomical observations since several
frequencies of interest can be studied simultaneously.

SIS mixers represent the state of the art in terms of heterodyne receivers and are therefore used
in many receivers. SIS mixers are the key technology in most bands of ALMA [37].

Hot Electron Bolometers (HEB)

The HEB mixer is based on the absorption of radiation in a very thin (a few nm) superconducting
film operated near the superconducting transition temperature, T.. The incoming radiation breaks
Cooper pairs and creates hot electrons. The temperature of some electrons is above the critical
temperature and, therefore, superconductivity is broken at a local level. This introduces some
resistance which is used for the mixing. The absorption mechanism is therefore not frequency
dependent in the THz range. The physical layout of the mixer is a superconducting bridge between
contact pads or electrodes, as shown in figure 1.7. Hot electrons must cool down quickly in order to
be ready to follow the variations of the RF signal. The ability to cool down is directly related to the
thickness of the superconducting film (phonon cooling) and to the electron diffusion coefficient
towards the electrodes (diffusion cooling). Those are the reasons why very thin films and short
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bridges are normally used for HEB mixers. Therefore, the geometry of the HEB mixers is planar and
the parasitic capacitance is very small. The absorption mechanism and this practical implementation
allow the use of HEB mixers at frequencies up to several THz. Therefore, HEB are the best alternative
for frequencies which are too high for usual SIS mixers, nominally for frequencies above 1 THz. The
sensitivity of HEB mixers is slightly worse than SIS mixers at frequencies at which both are available.
Good HEB mixers at f > 1THz have noise temperatures around 6-7 times the quantum limit. Another
advantage of HEB mixers is the low LO power required for operation.

Figure 1.7. Photographs of a HEB mixer chip. The HEB geometry can be appreciated in the
photograph on the right (SOURCE: NASA/JPL)

In spite of their good performance at higher THz frequencies, HEBs have a fundamental limitation
in terms of IF bandwidth. The IF bandwidth of HEB mixers is limited by the thermal time constant of
the hot electrons and the surrounding bath temperature. This limits practical IF bandwidths to a few
GHz (between 2.5 and 5 GHz).

HEB mixers are being developed at high THz frequencies by groups all around the world. The
higher frequency bands of the HIFIl instrument [41] of the ESA Herschel have been implemented with
HEB mixers and have been used for many important scientific findings. Other receivers using HEB
mixers have been used in Earth telescopes (APEX, ASTE...), balloon observations (TELIS [42]) or
airplane observations (SOFIA [43]).

1.3. ALMA and ASTE

The work in this thesis is mostly related to receivers to be used in the ALMA and ASTE telescopes.
Both telescopes are located in the Atacama Desert in Chile, which is located at high elevation above
sea level (5000 m) and is one of the driest places on Earth. These two points make this place one of
the best places for on-ground THz astronomy. Calculated atmospheric transmissions for different
precipitable water vapor (P.W.V.) contents at the ALMA/ASTE site are presented in figure 1.8 for
frequencies between 200 and 1600 GHz [44]. The percentage of time below P.W.V. values of 0.25,
0.50, 1.00 and 2.00 mm is 5%, 25%, 50% and 65% respectively [45]. Figure 1.8 shows that when
P.W.V. is low, there are several atmospheric windows at THz frequencies, which disappear when
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P.W.V. content increases. The existence of these atmospheric windows is pretty unique and there
are only a few places on Earth which show this high transmission at frequencies around 1 THz.
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Figure 1.8. Atmospheric Transmission for different water vapor contents at Atacama Desert
calculated using [44]

1.3.1. Atacama Large Mm/sub-mm Array (ALMA)

ALMA [46] is a large radio-astronomy interferometer composed of at least 54 12-m and 12 7-m
diameter antennas constructed in Chile by Europe, North America and East Asia. The maximum
baseline between antennas in the interferometer will be around 15 km, which will allow
unprecedented resolution. ALMA has been designed for observation in all the atmospheric windows
from 30 to 950 GHz. This bandwidth has been divided into 10 bands for practical implementation.
The different ALMA frequency bands with their ALMA project noise specifications are indicated in
table 1.1. All receivers in the THz band (0.1 — 0.95 THz in this case) are implemented using
heterodyne SIS mixers. All the bands use standard Nb/AlOx/Nb junctions. If Nb is used as metal in
waveguides, the maximum operational frequency before loss and noise increase due to Cooper pair
breaking is 2A/h, which is around 700 GHz. Band 10 [47] is the only band which is entirely above that
frequency and uses NbTiN (Tc =14.5 K, 2A/h=1065 GHz) instead of Nb in planar waveguides. The IF
bandwidth of the 2SB mixer receivers is from 4 to 8 GHz. It is from 4 to 12 GHz for bands 9 and 10
(DSB mixers). The receivers are built as cartridges and can be inserted independently in the cryostats
which are installed in the secondary focus of the ALMA antennas. The operation temperature of the
ALMA cryostats is 4 K.

ALMA started Cycle 0 operation in late September 2011, with only 16 antennas and bands 3, 6, 7
and 9. This limited-capability operation of the telescope has already rendered important scientific
results [48-51].
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Table 1.1. ALMA bands and technology used to achieve the indicated ALMA project specifications

ALMA band | Frequency (GHz) Receiver Noise temp. Max. noise temp.
technology over 80% of band at any freq.
1 31-45 HEMT 17 26
2 67-90 HEMT 30 47
3* 84-116 2SB SIS 37 60
4 125-163 2SB SIS 51 82
5 162-211 2SB SIS 65 105
6* 211-275 2SB SIS 83 136
7* 275-373 2SB SIS 147 219
8 385-500 2SB SIS 196 292
9* 602-720 DSB SIS 175 261
10 787-950 DSB SIS 230 344

*production of cartridges is finished

Figure 1.9. Some of the antennas of the ALMA telescope (SOURCE: [37])

1.3.2. Atacama Sub-millimeter Telescope Experiment (ASTE)

The Atacama Sub-millimeter Telescope Experiment (ASTE) 10m-aperture telescope is located in
Pampa la Bola, Chile, at 4860 m above sea level, and very near the Atacama Large Millimeter/sub-
millimeter Array (ALMA) site [52]. This telescope was initially conceived as a test bench for antenna
and receiver technology at (sub-) millimeter wavelengths, and as a first step towards the Japanese
ALMA antenna. Actually, the 10m reflector antenna was a pre-prototype of the Japanese ALMA 12m
antenna [53], and the first qualification model of the ALMA band 8 receiver [54] was tested in the
ASTE telescope. Therefore, the cartridge size and cryostat requirements for ASTE are similar to those
for ALMA. On the other hand, several receivers implemented by different universities and institutes
have been used in ASTE for astronomical observations. Examples of these receivers are the AzTEC
mm-wavelength camera [55] or the CATS345 sideband separating receiver [56]. In recent years, a
Hot Electron Bolometer (HEB) dual-band receiver working at 900 GHz and at 1.3 THz showing good
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noise performance has been developed at University of Tokyo and successfully used for observations
with ASTE [57].

Figure 1.10. The ASTE 10-m telescope (SOURCE: http://www.ioa.s.u-tokyo.ac.jp/~kkohno/ASTE/)

1.4. Optical Systems

1.4.1. Importance of optics in THz receivers

The target of THz receivers is to detect the electromagnetic radiation coming from astronomical
sources and usually collected by a large parabolic antenna. The core of a receiver is the elements
which are capable of detecting that radiation, directly or by down-conversion to electrical signals
with frequencies which can be easily handled by common electronics. However, between the
antenna and the detecting elements, there is another key component of a receiver: the optics. The
optics is the system which makes it possible to couple the radiation coming from the antenna into
the detecting elements in an efficient fashion. If the optics is not properly designed, much of the
radiation collected by the antenna is lost and not detected. The ability of the optics to couple the
radiation coming from the antenna into the receiver is measured by different efficiencies. Good
optics will reduce observation times or improve results for a given observation time, improving the
science capabilities of a telescope. Optics is also a key element to provide polarization discrimination.
In some cases, it is important to observe the polarization at which electromagnetic radiation is
emitted from astronomical objects. For example, the polarization of the radiation provides
information about magnetic fields in space or about diffusion in molecular clouds. If the optics
polarization discrimination is not properly implemented, it is not possible to distinguish between
orthogonal polarizations. The polarization discrimination performance is measured by the generated
cross-polarization, which is defined as the amount of one polarization when only the orthogonal
polarization is incident on the optics. Common orthogonal polarizations are vertical and horizontal
linear polarizations or right and left hand circular polarizations. Last but not least, optics are located
in front of the mixer and the low-noise IF amplifier and are the first noise element in Friis noise
formula (1.3), where Ty is the total receiver noise temperature, Toptics, Tdetector aNd Tina are the noise
temperature of each component, Loy is the loss in the optics and Ggetector is the gain in the detector.
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TRX = Toptics + Loptics (Tdetector + ——— ) (1.3)

Gdetector

The noise temperature of the optics is directly proportional to the loss. Therefore, any loss in the
optics will mean a degradation of the noise temperature in two ways: direct addition of noise, and
amplification of the noise temperature of other components.

So far, all the description about the optics has been done with respect to the coupling of the RF
signal into the receiver detectors (e.g. [58]). However, in the case of heterodyne receivers, optics
provides a possible implementation of LO injection into the detectors (e.g. [59]). Stable LO power is
necessary to provide stable operation of heterodyne receivers. Unstable LO signals will degrade the
stability of observations and degrade the science capabilities of a telescope. Usually, the LO signal is
generated in a different location from where it is needed. This can be due to size limitations in the
receiver, to thermal loads in cryogenically cooled receivers or a number of other factors. At low
frequencies in the THz range, the usual way to bring the generated LO signal into the detector is by
means of metallic waveguides which present low loss at these frequencies. However, as the
frequency increases, so does the metallic loss in the walls of waveguides, and optical injection of the
LO signal becomes a very competitive alternative for LO injection. Basically, the generated LO signal
is radiated, re-focused, re-directed and received near the RF detector by means of different optical
components.

1.4.2. Optical components

Receiver optics is normally composed of some kind of antenna, focusing and redirecting elements
and polarization discrimination components if required.

Antennas provide the conversion between a signal propagating in space and a guided signal in
the waveguide structure where detectors are placed. Antennas can be simple planar antennas with
or without lenses, such as twin-slot antennas [60] or self-complementary log-periodic antennas [61];
or high-performance horn antennas, such as diagonal or corrugated horns. The performance of
antennas is measured by its gain, beam width, beam symmetry, cross-polarization or side-lobe level.
Corrugated horns are usually the best antennas for high-performance receivers with polarization
discrimination due to low loss, low cross-polarization, high beam symmetry, and low side-lobe levels.
Additionally, corrugated horn beams are highly Gaussian (around 98% Gaussicity or 2% deviation
from a Gaussian function), which allows the use of quasi-optical design techniques [62].

In terms of focusing signals, dielectric lenses and metallic ellipsoidal mirrors are often used.
Mirrors are usually less lossy than lenses and are thus preferred for high-sensitivity receivers.
Mirrors can also be used to change the propagation direction of signals. Flat mirrors can provide this
capability without re-focusing.

Linear polarization discrimination components include orthomode transducers (OMT) and wire

grids. OMTs are waveguide components with are located between the antenna and the detectors. As
an example, the OMT used for ALMA band 4 receiver is presented in figure 1.11. They are the
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preferred component at lower frequencies (up to 0.5 THz), at which difficult waveguide structures
can be manufactured. Wire grids let one linear polarization through and reflect the other one. They
are located before the antennas in the optical path. Two antennas are therefore required to detect
orthogonal polarizations, one for the signal which goes through the grid and one for the signal
reflected in it. Wire grids are usually used at frequencies higher than 0.5 THz, for which waveguide
fabrication of OMTs becomes too difficult and costly.

a [ 20{mm)

Figure 1.11. Electromagnetic simulation of the ALMA band 4 OMT. The input signal contains two
orthogonal linear polarization components PO and P1. The OMT divides that signal and provides the
polarization components PO and P1 in different outputs

1.4.3. Performance degradation in optics

Current THz receivers for radio-astronomy are approaching the technical limits of performance.
Detectors provide sensitivities approaching physical limits (e.g. quantum noise limit in SIS and HEB
mixers) and optics design profits from very accurate simulation and design numerical algorithms. In
fact, at low frequencies at which waveguide components and optics can be manufactured accurately,
fabricated components present the same performance as simulated by computer software. However,
at frequencies around 1 THz, fabrication tolerances start having an important effect on performance.
The impact of tolerances on performance is not new or unique at these frequencies. However, it is
more noticeable when components become smaller and tolerances cannot be improved accordingly.
Chapter 5 in this thesis presents a novel analysis method of the effect of tolerances on optical
performance. The combination of accurate simulation tools and statistical Monte Carlo analyses
allows a better characterization of different performance measures in terms of expected values,
standard deviations and histograms. This translates into a better understanding of the science
performance limits of a telescope when performing astronomical observations.

Receivers for radio-astronomy are usually cooled down to cryogenic temperature to improve
sensitivity by using state-of-the-art superconducting detectors. The use of receivers within cryostats
introduces some performance degradations which cannot be neglected as performance reaches new
limits. The most clear example of these degradations are those introduced by the infrared (IR) filters
used between two temperature stages in a cryostat to reduce the thermal load into the lower
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temperature stage from the higher temperature stage. These filters are actually dielectric structures
which are inserted in the signal path and add losses, extra reflections and cross-polarization
generation. Additionally, if they are close to antennas, they can perturb their free space radiation
characteristics and change antenna performance in an unexpected way. Chapters 6 and 7 of this
thesis provide a detailed physical explanation of several harmful phenomena related to the influence
of IR filters which degrade the science capabilities of the receiver.

1.5. Background and Aims of this Study

The work presented in this thesis has been performed by the author while working in the ALMA
band 10 group at the National Astronomical Observatory of Japan (NAQJ). Part of the latest research
has been done in collaboration with Professor Yamamoto’s group at the University of Tokyo. The
initial research in this thesis involves the design and verification of LO injection and RF optics
systems. Most of the work has been performed at frequencies around 900 GHz, which correspond to
ALMA band 10 (787-950 GHz) and the lower frequency band of Professor Yamamoto’s HEB-mixer
receiver. The LO injection optics research started from an existing preliminary design for ALMA band
10. The author then researched the physical fundamentals of quasi-optical power transmission to try
to refine the design for maximum transmission efficiency and stability. After the design was finalized,
a verification campaign through near-field amplitude and phase electric-field measurements was
performed. Results indicated that the LO injection system works fine and overcomes some problems
found in solutions using waveguides. This guarantees stable astronomical observations.

After this, the optics research focused on RF optics. During the validation of the optics designs of
both receivers at 900 GHz, different performance degradations were found. In the case of ALMA
band 10, total aperture efficiency was lower than measured at room temperature when the receiver
was operated at cryogenic temperature. In the case of the HEB receiver, measured beam patterns
were different from predictions by Physical Optics software. The author started studying the physical
causes of the degradation based on two approaches. The first one was based on analyzing how
expected fabrication and assembly tolerances of components affected the optics beam performance.
For that, a novel approach was adopted. It was decided to exploit all the capabilities of a physically
appropriate analysis method such as Physical Optics in conjunction with powerful Monte Carlo
statistical methods. The second approach consisted in performing theoretical analysis and laboratory
experiments to better understand why performance degradations happen. Both approaches yielded
very interesting results which have been published in peer-review publications. On the one hand,
the statistical analysis approach showed that tolerances had an important impact in expected
performances. Larger tolerance did not only increase the performance variance, but also changed
some expected average values. This was found to be critical at frequencies around 1 THz at which
fabrication techniques are still not well developed [63]. Additionally, the comparison of these
statistical methods and measurement proved a very powerful tool to identify the existence of
defective components in the RF path [64]. On the other hand, the investigation based on
measurements of ALMA Band 10 optics revealed that the reflection of the beam in cryostat IR filters
was large. The reflected beam in the filters was being reflected back in the signal incoming direction
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and after some diffractions, it was distorting the beam and worsening performance. Once the causes
were identified, it was easy to propose a solution to mitigate this effect [65]. These two studies
revealed the importance of tolerances and the operational environment of THz cryogenically-cooled
receivers. In the two receivers, detector performance was state of the art, with sensitivity values
approaching physical limits. However, degradations in the optical systems were hampering the use
of both receivers to their full potential and limiting their science capabilities. This should highlight
the importance of a good optical design and a good verification campaign.

Recently, and during the production of ALMA band 4, the cross-polarization performance of THz
receivers has been investigated thoroughly. Currently, most receivers at THz frequencies are not
designed for astronomical polarization measurements. Therefore, cross-polarization is not a critical
performance during the design phase of a receiver and it is not properly analyzed. However, this is
not the case of ALMA. For ALMA, receiver cross-polarization is a critical performance which has
turned out to be very challenging for optics designers around the world. Actually, many of the ALMA
receivers at different bands could not meet the original requirements for cross-polarization (XsP),
XsP < -23 dB, or polarization efficiency of more than 99.5%. So far, when troubles were met in bands
3, 6 and 9, requests for a relaxation of specifications were issued. The justifications for these
changes of specifications were normally based on cost arguments or very simple engineering
reasoning. However, in the case of band 4, it was decided to look for the physical causes of the
degradation from the beginning, and an exhaustive theoretical analysis of the situation together
with intensive measurement campaigns were performed. Firstly, research was focused on
understanding how the cross-polarization contributions from each component in the RF path add
together towards a total optical system cross-polarization performance. The starting point of this
research was Gaussian beams theory together with paraxial approximations of propagation
equations. This research yielded a method to calculate system cross-polarization for THz systems
which is physically rigorous and provides results close to measurements [66]. This method allowed
determining a realistic but still stringent cross-polarization requirement for ALMA band 4. It also
hints how a design must be performed in order to obtain good cross-polarization performance,
which was clearly shown in the analysis of cross-polarization in the ALMA band 10 receiver optics.

After the specification change request was approved, the Band 4 team was asked to perform very
precise cross-polarization measurements for several production cartridges. This consisted of cross-
polarization measurements every 1 GHz in the band from 125 to 163 GHz. After this strenuous and
time consuming experiment, it was found that the cross-polarization of the Band 4 receiver had very
repeatable frequency dependence, with strong peaks at certain frequencies. This result was totally
unexpected and, what was worse, showed that some Band 4 receivers could not meet the new
ALMA specification due to some of these cross-polarization peaks. Again, a thorough investigation
was performed and the physical causes of this degradation were found [67]. However, in this case,
even though the situation was completely understood, it was very difficult to find a good solution for
the problem within the constraints imposed by operation in the ALMA cryostats. Only some slight
mitigation of the problem was possible. However, this problem highlighted the importance of
considering the operational environment of the receiver from very early stages of the optical design.
The lessons learned during the ALMA band 4 cross-polarization investigations should be of interest
for anybody who aims at designing a dual-polarization receiver to be operated within a cryostat.
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In short, the research contained in this thesis aims at understanding how optics state-of-the-art
performance is affected by small fabrication and assembly errors or by the environment when
operated at cryogenic temperatures. These two points become critical for THz astronomy receivers,
for which component size is very small and must use superconductivity phenomena to achieve
sensibilities approaching physical limits. During this research, several novel analysis methods have
been developed to understand the effect of tolerances on performance or to calculate the expected
system cross-polarization from the individual contributions of each optical component. The
application of the research contained in this thesis has proved useful to improve the performance of
ALMA band 4 and band 10 receivers and will be considered for the improvement of the HEB receiver
designed by Professor Yamamoto’s group.

1.6. Outline of the Thesis

This thesis consists of 8 chapters. This chapter, Chapter 1, provides the motivation for THz
astronomy and describes some of the common receiver technologies at this frequency range. It
provides the justification why high sensitivity receivers are required for astronomical observations
and briefly introduces the most popular superconducting technologies to achieve this requirement.
However important these detectors are, receiver optics also plays a critical role in the total receiver
performance, including sensitivity. The importance of optics is thus stressed. The possibility of using
optics for LO injection in heterodyne systems is also introduced. Finally, possible degradations in
performance due to the small size of components at frequencies approaching 1 THz and due to the
influence of operation at cryogenic temperatures are outlined.

Chapter 2 describes the theoretical foundations for the analysis and characterization of optical
systems. It starts with an introduction to quasi-optical analysis and Physical Optics. It then describes
how measurements are performed in the near-field and far-fields are calculated using Fourier
transforms. Finally, it introduces the most common efficiencies used to describe the performance of
optical systems.

After defining the scope of the thesis and the tools required for its understanding, chapters 3 and
4 describe the optical systems used in ALMA band 10 and Prof. Yamamoto’s receivers. Chapter 3
introduces the optics necessary for LO quasi-optical injection into SIS or HEB mixers, comparing this
solution with solutions using waveguide injection. The description of the LO optics in the two
receivers under study follows. Finally, the need to control the power of the injected LO signal is
highlighted and a simple design of LO quasi-optical attenuators is introduced. This novel design
provides a very simple and cost-effective solution for LO quasi-optical attenuation. Chapter 4 deals
with RF optics. It describes the optics to couple the signals coming from the Cassegrain antenna
secondary mirror into the receiver. The first part of the chapter describes the analyses and
measurements performed at NAOJ of the 900-GHz optics of Professor Yamamoto’s HEB receiver. The
second part describes ALMA band 10 optics.

Chapters 5 to 7 deal with performance degradation analyses. Chapter 5 introduces a novel
tolerance analysis method using rigorous Physical Optics tools and Monte Carlo statistical methods.
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This analysis is applied to the optics of the two receivers described in Chapter 4. It proves a useful
tool to understanding how tolerances affect performances and to detecting defective components.
Chapter 6 shows how RF power reflected in the cryostat IR filters can degrade the receiver
performance and how this problem was dealt with in the case of ALMA band 10. Chapter 7 analyzes
optics cross-polarization. Firstly, the most common mechanisms of cross-polarization generation are
introduced. Then, a novel physically-rigorous method to estimate the total system cross-polarization
performance is proposed. The application of this method to ALMA band 10 optics highlights what
good design techniques are in terms of cross-polarization. The application to ALMA band 4 shows
why good cross-polarization performance is hard to achieve with band 4 optics. Finally, a thorough
investigation on ALMA band 4 cross-polarization frequency dependence is presented. This
investigation highlights once more the importance of the operation environment on actual receiver
performance.

Finally, Chapter 8 summarizes the results of this thesis and the conclusions obtained throughout
this research. It also stresses how the receiver research in this thesis can actually improve the
potential for novel science observations which can help to improve our understanding of our
universe and its evolution.
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Chapter 2

Analysis Techniques

2.1. Introduction

The target of this thesis is to improve the science capabilities of THz receivers by improving the
receiver optics. Receiver optics design and analysis at THz frequencies uses well-established theories
and approximations which are worth describing before starting with the core contents of this thesis.
This chapter provides the tools to analyze THz optics, both theoretically and by laboratory
measurements, and to quantify its performance. Performance will be presented here in terms of
efficiencies, which are directly related to observational capabilities. For example, higher aperture
efficiencies mean shorter observation times to obtain a result or better observations for a given
time; and higher polarization efficiencies mean better polarization discrimination and the possibility
to measure weaker magnetic fields in space or polarization rotation in molecular clouds.

2.2. Quasi-Optical Analysis

Quasi-optics [62] is the most useful formalism to describe beam propagation at THz frequencies.
It is an intermediate case between a rigorous analysis considering diffraction and the simplified
theory of geometrical optics. Geometrical optics is useful for very short wavelengths, when the
wavelength is much smaller than the system dimensions and diffraction can be ignored. When the
wavelength is comparable to the system dimensions, then, diffraction is the dominant mechanism of
propagation and accurate electromagnetic analysis is required. Quasi-optics is useful for
wavelengths between these two cases and provides a simple way to deal with diffraction without a
complex mathematical formalism. It is applicable to collimated beams whose diameter is not large in
terms of wavelengths. The mathematical formalism of quasi-optics is based on Gaussian beams and
Gaussian beam propagation, based on the paraxial wave equation. Gaussian beams have well-
defined directions of propagation and the radiation is concentrated in a few wavelengths in the
transverse plane with respect to the beam propagation direction. The origin of a Gaussian beam is
not a point source but a region of finite extent named beam waist. A Gaussian beam field E(x,y,z) can
be described mathematically similarly to a plane wave but with transverse amplitude variation
u(x,y,z) as stated in (2.1):
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E(xy,2) = u(x,y,z)e 1" (2.1)
where z is the direction of propagation and k is the wave number.

If (2.1) is introduced in the wave equation (2.2), the result is the so-called reduced wave equation
(2.3).

VZE4+K’E=0 (2.2)
V2u(x,y,2) — 2k (x,y,2) = 0 (2.3)

The reduced wave equation (2.3) can be further simplified if the paraxial approximation is
considered. The paraxial approximation can be applied when: a) the amplitude u does not change

. . . a . . .
much along the direction of propagation or a—lzl will be small in distances of a few wavelengths; b) the

variation along the direction of propagation is much smaller than the transverse variation,
du du du
2 1G4 &'6_y
by the partial derivatives in x and y. Then, the paraxial wave equation (2.4) is obtained:

When the paraxial approximation is applied to (2.3), the Laplacian V? can be exchanged

0%u , 9%u .. 0u
ﬁ-}‘a—yz—Z]ka— 0 (24)

The solutions of the paraxial wave equation are Gaussian beam modes, which can be expressed
in Cartesian coordinates as stated in (2.5).

_ , 1 V2x V2y xZ+y? . jn(x2+y?) | . Az
Emn = ml‘lm (7) Hn (T) exp (—T—JkZ—T+](m+n+ 1) atanm) (25)

where A is the wavelength, w is the beam radius, wy is the waist size, R is the radius of curvature,
H are Hermite polynomials and m, n are the order in x and vy, respectively. The beam radius, beam
waist and radius of curvature can be visualized in figure 2.1 (b). Figure 2.1 shows the propagation of
a fundamental mode Eyy Gaussian beam. In that case, (2.5) simplifies to the expression in (2.6):

2 24y2 jn(x?+y? . A
Ego = ’m-exp (—Xw—zy—]kz—%+]atané) (2.6)
The radius of curvature and the beam radius can be calculated as a function of distance from the
waist as indicated in (2.7)-(2.8).

R=1z+ -(%)2 (2.7)
W = w, [1 + (T:%)Z]I/Z (2.8)

0

The radius of curvature R and the beam size w can be combined in a single parameter q, the
complex beam parameter, as defined in (2.9):

EREE (2.9)
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Equations (2.7) and (2.8) indicate that when the distance from the waist is z > z, = %, both R

and w grow linearly (asymptotically) with distance. This area at which z>>z, corresponds to the far
field. The distance z, is known as confocal distance.

Quasi-optical theory allows expressing the radiated fields in terms of Gaussian beam propagation
with just a set of simple equations. Moreover, beam transformations such as propagation or
reflections in mirrors can be treated in a simple fashion using matrices. Beam transformations can be
expressed as ABCD matrices which are equal to those found in transfer matrix theory in geometrical
optics [68]. The matrix of a sequence of beam transformations can be expressed simply as the

g], the

relationship between the initial and final beam parameters is given by the relationship of complex
beam parameters given in (2.10). The most common ABCD matrices are given in table 2-1.

product of the matrices of each transformation. If the final matrix of a transformation is [Ié

Qfinal = A-Qinitial +B
final = ¢.q;pitia+D

(2.10)
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Figure 2.1. (a) Amplitude and size of a propagating Gaussian beam. (b) Beam radius and radius of
curvature as function of propagated distance. (Figure 2.2 in [62])
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Feeds used in receivers for radio astronomy at THz frequencies are usually horns (corrugated,
diagonal, profiled...), which produce beams of high-quality (high symmetry, low side lobes, low cross-
polarization level) and which can be approximated by fundamental Gaussian beams. The Gaussicity
of a beam measures how well the beam fits a fundamental Gaussian mode. If beams produced or
received by feeds are highly Gaussian, their propagation along an optical system can be easily
modeled using equations (2.7)-(2.10). The Gaussicity of the beam generated by a corrugated horn
can be easily around 98 or 99%. Therefore, these equations constitute the tools for the initial design
of any optical system using good quality horns.

Equation (2.11) provides the expression to calculate how similar a given beam E matches a
fundamental Gaussian beam Egq described by (2.6).

|/ E*Egodxdy|?
JIE|2dxdy-[|Eqo|2dxdy

Gaussicity (%) = 100 - (2.11)

Table 2-1. Common ABCD matrices

Propagation in uniform 1 L7, . . .
medium [0 1], L is the propagation distance
1 0
Ellipsoidal mirror [_ (i 4+t ) 1], Rin, Rout are radii of curvature at input and output
Rin Rout
1 0
Thin lens _1 4| fisthe focal distance of the lens
f

A fundamental Gaussian beam with given offsets x,, yo, and tilt angles 8,, 6,, can be modeled
using equation (2.6) with the coordinates (x’,y’,z’) obtained from (2.12)-(2.14):

X' = (X — X,) cos 0, (2.12)
y' = (y — o) cos 8y — (x — X,) sin B sin 6, (2.13)
z' =7+ (X—X,)sin6,cos B, + (y —y,)sinfy, (2.14)

If the parameters of the Gaussian beam Ey, are variables, they can be optimized in order to
maximize (2.11) for a given beam. The parameters derived from such an optimization are used to
characterize the beam and the quality of the match is given by the final value of the Gaussicity. This
technique is often used to describe beams measured in the laboratory or calculated in

electromagnetic simulations.
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2.3. Physical Optics

Physical Optics (PO) is an electromagnetic analysis method used in the simulation of reflectors. It
is also useful to simulate mm- and sub-mm wave optics, since these systems use ellipsoidal mirrors
(a special case of reflectors) in many cases.

The radiation pattern of a reflector can be calculated from the Fourier transform of the currents
on the reflector surface [69]. These currents J; can be calculated from the magnetic field incident H'
and reflected H" on the surface as stated in (2.15).

Jo =i x (H' + HY) (2.15)
where n is the unitary vector perpendicular to the reflector surface.

The Physical Optics approximation [70] consists in considering H'= H', which only holds true for
infinite plane surfaces. In other words, the reflector surface is approximated by an infinite plane.
This approximation works well when the reflector is large electrically, has large radii of curvature,
and the incident field radius of curvature is large with respect to the wavelength. When the surfaces
to be modeled are too curved for PO to provide an accurate solution, other methods such as the
Method of Moments (MoM) [71] are required. MoM provides a numerical solution to physically
correct integral equations. However, it is very time consuming for electrically large reflectors. PO
provides a solution to approximate equations and this solution is usually a good approximation of
the accurate solution for electrically large reflectors. The most popular simulation software
implementing PO is TICRA GRASP [72].

The Physical Optics approximation does not model diffraction at reflector edges. In order to
obtain better solutions, it is typical for PO software to correct the currents at reflector edges with
some currents derived from another theory, the Geometrical Theory of Diffraction (GTD) [73]. GTD is
based on Geometrical Optics (GO), or simple ray tracing, with some refinements to account for
diffraction at edges [74]. Therefore, the combination of PO and GTD provides good electromagnetic
solutions for high frequency analysis, when the wavelength is small, and reflectors are electrically
large. This is the case of THz optics.

Solutions provided by PO are approximations to correct physical solutions and are closer to these
than the solutions obtained by Quasi-optical techniques. Therefore, it is common to start a design of
an optical system at THz frequencies using fundamental Gaussian beam theory and then, to analyze
the resulting design using PO (+ GTD, if necessary). In most cases at THz frequencies, the solutions
obtained by PO analysis are very close to the exact solutions.

2.4. Near-Field Measurements

After a design has been completed using quasi-optical techniques and verified and refined by PO
analysis, it must be implemented and characterized in the laboratory. There are many measurement
techniques for antennas and THz systems [75]. For example, electric fields can be measured in the
near or in the far field regions. If near fields are measured, far fields can then be calculated by
Fourier transforms. Measurements can be also performed with the system under test at the
radiating or at the receiving end. Both measurements would be equivalent in virtue of the
Reciprocity Theorem of antennas [76].
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Basically, an electric field measurement consists of placing an antenna with a known radiation
pattern in some positions with respect to the system under test. At each relative position, some
constant electric power is transmitted between the two of them and amplitude and phase are
measured. The electric field can be spatially reproduced in this way. In the case of a far-field
measurement, the angular field distribution is constant with distance and it is therefore
recommendable to choose relative positions at the same distance by changing only the relative
angles. For example, a far-field pattern is measured by changing the Azimuth and Elevation angles
with the probe horn and the system under test at a constant distance.

The space surrounding an antenna or an optical THz system can be divided in three zones or
regions, as depicted in figure 2.2:
1) The area closest to the radiating element or the final radiating aperture is known as the
reactive near-field region. In this region, the electric field is composed of radiating fields and
reactive fields, which are strongly attenuated with distance. This region extends to a distance of

about A/2rt or 0.62,/D3 /A (depending on the author) from the radiating region, where D is the
largest dimension of the antenna or radiating aperture.

2) Further from the reactive near-field region extends the radiating near-field region or
Fresnel region. In this zone, the electromagnetic field is composed of only radiating fields and the
angular distribution of the fields changes greatly with distance. This region extends to a distance
of about 2D%/A. In this area, there is a field component along the radial direction.

3) Finally, the far-field region or Fraunhofer region extends beyond the Fresnel region. In
this area, the fields are radiating and the angular field distribution does not depend on the
distance from the radiating element or aperture. In this region, fields are transverse to the
direction of propagation.

In the case of the quasi-optical analysis introduced in section 2.2, the limit between the near- and

2
the far-field regions can be described in terms of the confocal distance, zy = %, as explained there.

MEAR-FIELD
MEASUREMENT

rF—w

FAR-FIELD
MEASUREMENT

Figure 2.2. Regions around a radiating element of maximum dimension d. The regions where near-
and far-field measurements are taken are also indicated (SOURCE: Prof. Dr.-Ing. Thomas Eibert,
Technical University of Munich, On-line: http://www.hft.ei.tum.de/index.php?id=98)

Depending on the size of the antenna or the waist and the frequency, the distance 2D%*/A or z,,
which establishes the border between the near- and the far-field regions, can be large. In that case,
far-field measurement setups would be large and would need to be within an anechoic chamber to
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avoid the effects of reflections between the element under test and the probe horn in the
measurement setup. In some cases, the dimensions of the test system would be unpractical. In the
case of near-field measurements, setups can be compact and anechoic chambers are not necessary
in many cases. It is also very typical to sample the near-field in an XY plane in front of the radiating
antenna or waist, instead of measuring the fields at a constant distance from the antenna or the
waist, as it is typical for far-field measurements. This also simplifies the test setup. Far fields cannot
be measured directly in a near-field measurement. However, they can be easily retrieved by Fourier
transformation.

In general, near-field measurements are preferred for optical systems at THz frequencies which
can be approximately modeled by Gaussian beams, such as the optics in radio astronomy receivers.
This is due to the small size of the measurement ranges and the ease of programming automated
setups which just sample the electric field in spatial planes and not spheres.

In a near-field measurement setup, the influence of the probe horn on the measured data is
important. The actual measured fields are the result of the convolution of the radiation patterns of
the system under test with the radiation patterns of the probe horn. Therefore, it is critical to
choose the correct probe horn and to know its radiation patterns. Probe horn characterization can
be done as described in Appendix A. Once the probe horn radiation patterns are well-known, the
measured patterns can be calculated by removing the probe horn contribution. This is easily done in
the far-field. After applying Fourier transforms to the measured data and the probe horn radiation
patterns, the convolution relationship becomes a simple multiplication. Therefore, the sought
patterns can be calculated by just dividing the measured far-field patterns by the far-field patterns of
the probe horn.

If the optical system implements linear polarization discrimination, co-polarization and cross-
polarization patterns can be measured by just rotating the probe horn 90 degrees. The co- and cross-
polarization patterns of the probe horn must be known for appropriate probe correction.

The effects of standing waves between the optical system under test and the measurement setup
elements can be minimized by covering the area around the probe horn with absorbent material and
by using the data of two measurements at different distances; this is at planes with different z
coordinates. This procedure is only applicable if the magnitude and phase of the fields are measured.
The distance between these two measurements, E; and E,, is usually a quarter of a wavelength. In
that case, the fields without standing waves, E, can be retrieved by using (2.16), where the plus or
minus sign depends on the measurement setup. The E-fields must be expressed as phasors, as
E = Amplitude - exp(j - Phase).

_EiijE
-2

E (2.16)
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2.5. Far-Field Calculations from Near-Field Data

Near fields (NF) and far fields (FF) are related by means of Fourier transforms (FT). The initial
space is the measurement plane XY. However, the output space is not directly expressed in
geometrical dimensions, but in terms of wave number vector components, k,, k,, k,. These
dimensions can be expressed in spherical coordinates or in terms of Azimuth and Elevation as
indicated in (2.17)-(2.19) [77]:

k =27nsin9cos¢ =27nsinAzcosEl (2.17)
2w . . _2_71' .

k, = 7sm951n¢ = —-sin El (2.18)

k, = 2TTIcos 0= 2TTIcosAz cosEl (2.19)

The number of samples taken in the XY plane is discrete, as it is the number of samples of the
calculated FT. Therefore, the mathematical relationship of interest between the NF and the FF will
be given by means of a Discrete Fourier Transform (DFT). The mathematical relationship between
samples in the XY plane and the FF is then given by (2.20):

FF(ky, ky k;) = Y Xy NF (x,y, 2)e I (kxxtlyy+icsz) (2.20)

In a measurement at a plane with constant z, the term k, only contributes a constant phase to the
FF. It is customary to take z=0 and drop that term off (2.20). The previous DFT can be expressed in
terms of Azimuth and Elevation angles as follows:

FF(AZ, El) — Zx Zy NF(X, y, Z)e—jk(xsinAzcosEHysinEl) (2.21)

The previous transformation is slightly different from a common DFT and it has to be calculated
slightly differently. The steps to follow are basically:
1. Define the coordinates Az, El where the FF will be calculated
2. Obtain the values of k, and k, for those points in the Az-El space
3. Use the transformation formula to calculate the value of the FF in the specified Az-El points

An example of NF to FF transformation for a measurement from -10 to 10 mm in X, Y with
samples every 0.1 mm is presented in figure 2.3.

In order to get alias free FF it is necessary to sample the NF at the Nyquist frequency or
wavelength/2. However, this condition can be relaxed if the FF area of interest is limited to small
angles close to 0 degrees. According to sampling theory, the alias free spectrum of our calculated FF

in the k,-k, space extends from —%to %, where dx is the sampling distance. In the case of the

1

. . . . .1 A .
Elevation angle, El = sin 1(ky), the values of the FF are alias free in the range +sin Tan The alias

appears at values of Elevation equal to isin‘lg, with n€ N. If the sampling distance is A/2, the FF

is alias free from -90 to 90 degrees in Elevation. If the required angle is less than that, dx can be

increased to the value dx = This consideration reduces the amount of data to be measured

2sinEl’
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and the time required for the measurement. In the case of the Azimuth, the results are more
complex. The k, dimension depends both on the Azimuth and on the Elevation. Therefore,

.1 k
Az = sin™! —— (2.22)
COSEl
For values of Elevation close to 0 degrees, the Azimuth can be calculated as Az sin (k) and the
same sampling considerations as for the Elevation apply. However, as Elevation increases, the
argument of the arc sin function increases and so does the Azimuth. Therefore,

A

Alias free Az = +sin™! ———
2 dx cosEl

(2.23)

which means the alias free Azimuth range is larger or equal than for the Elevation. The sampling
requirements are less restrictive than in the case of the Elevation thus. However, for large values of
Elevation, the cosine function takes values close to zero and the k, values are all around 0 for any
value of Azimuth. This effect distorts the FF in the Az-El space. This is shown in figure 2.4.
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Figure 2.3. NF to FF transformation of a measurement of ALMA band 10 optics at 864 GHz
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Figure 2.4. Effect of the Elevation distortion on the Azimuth for large Elevation angles

In order to appreciate the effect of aliasing, different sampling periods have been used for the

same measurement at 864 GHz (A = 347.2 um). The theoretical position of the aliases in elevation,

given by +sin™! Z—i is £90 deg for dx= 0.2 mm, £60.2 deg for dx = 0.4 mm,and +25.7 deg and +£60.2

deg for dx = 0.8 mm. The alias free ranges are +60.2 deg, +25.7 deg and +12.5 deg respectively. The

results are shown in figure 2.5.
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Figure 2.5. Effect of aliasing for different sampling periods in the XY plane

It is possible to use windowing on the NF data in order to reduce DFT leakage on the calculated FF

[78]. In other words, it is possible to reduce the impact of the amplitude of a FF point on neighboring

FF points by conditioning the NF data with some weighting functions. However, the more DFT

leakage is reduced, the less spectral (angular) resolution can be achieved. Therefore, the choice of

the appropriate window is a trade-off between DFT leakage and FF angular resolution. Examples of

the FT of different popular windows are shown in figure 2.6. After a thorough study on ALMA band

10 optics, it was decided not to use any windows, which is equivalent to using a boxcar window, in

order to not loose angular resolution.
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Figure 2.6. Far-Field transformation of window functions of the same size

2.6. Performance definitions

Along this thesis, the optical performance of the radio astronomy receivers under study is
measured in terms of some efficiencies or some other quantities derived from offsets with respect
to design values. In the case of ALMA and ASTE, telescopes are Cassegrain antennas with the
receivers under study located in the focus of the secondary mirror. Additionally, in both cases, the
design of the antenna is independent of the design of the receivers. Therefore, in order to make
optical specifications of both systems independent, the specifications of the receiver optical
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performance are referred to the secondary mirror of the Cassegrain antenna, whereas the
specifications of the primary mirror are referred to an expected illumination in the secondary.
Therefore, for the receivers, there is a spillover efficiency defined at the secondary mirror or a
secondary mirror taper efficiency, among others. This section defines all the quantities which will be
used along this thesis to describe the optical performance of receivers. In most definitions, it will be
assumed that the receiver illuminates the secondary mirror to ease understanding. This is valid again
in virtue of the reciprocity theorem [76].

e  Spillover efficiency

The spillover efficiency indicates the fraction of electrical power reflected in the secondary mirror,
and thus useful, with respect to the total power coming from the receiver. The rest of the energy will
be lost. The expression to calculate spillover efficiency is given by (2.24).

— ffSeC|E|2dS

Nspillover = [[IEIZdS (2.24)

where the integration in the numerator is over the secondary mirror aperture and the integration
in the denominator is everywhere in the aperture plane.

e Taper efficiency
The secondary mirror surface must be illuminated with constant electrical field amplitude and
with constant phase for optimum efficiency. Therefore, the correlation of the field E at the

secondary mirror and a plane wave Eoe_jkF , with Eg constant, indicates how good the illumination
is. This can be expressed mathematically as in (2.25).

[ B as||
(ﬂsec ds)'(ﬂsec|E|2dS)

Ntaper =

(2.25)

e lllumination efficiency

The illumination efficiency is simply the product of the spillover and taper efficiencies and
indicates how well illuminated is the secondary by the radiation reaching it. It can be calculated as
(2.26).

- 2
| e Eelkrds|

(ffsec ds)'(ﬂlE|2dS)

(2.26)

Nillumination =

e  Edge Taper

The Edge Taper (usually in dB) is another amount used to characterize the illumination on the
secondary mirror. It is defined as the average difference of the electrical field at the edge of the
secondary with respect to the maximum value of the electrical field. For a specific kind of

32



illumination, and for a centered beam, certain values of Edge Taper provide optimal illumination
efficiency. In the case of Gaussian beams, the optimum Edge Taper is 10.9 dB.

e  Polarization efficiency

In the case of ALMA, receivers are able to detect orthogonal linear polarizations. The polarization
efficiency indicates the fraction of power received at a given polarization Ec; when only that
polarization arrives at the receiver from the secondary. The rest of the power is transferred to the
orthogonal polarization Eys and therefore lost. This can be expressed mathematically as (2.27)

JsoclEcol?dS
JlseclEcol?dS+ [, [Exs|?dS

(2.27)

NPol on secondary —

Notice that both co-polar and cross-polar fields are integrated over the secondary aperture. The
cross-polarization value of interest is thus the integrated power and not the peak value.

The total integrated cross-polarization power in dB is an alternative amount to describe the same
efficiency and can be calculated as indicated in (2.28).

JsecExsl?dS

Integrated XsP = 10 lo
8 8107 Ecolas

(2.28)

In some cases, especially in near-field measurements, the peak value of the cross-polarization
field with respect to the maximum value of the co-polarization field is also considered as a good
indicator of the polarization purity of a receiver. This value will also be used throughout this thesis.
In the case of ALMA, the polarization efficiency in the secondary must be better than 99.5 % or -23
dB.

e  Defocus efficiency

The defocus efficiency indicates the loss of efficiency due to the offset of the focal point of the
receiver beam with respect to the focal point of the secondary. According to [79], the defocus
efficiency for a Gaussian beam whose focus is & away from the secondary mirror focus in a
Cassegrain antenna is given by (2.29), where a=0.115 EdgeTaper(dB) , p=2k&/(4f./D,)"2, D, is the
diameter of the primary mirror and f. is the equivalent focal distance of the Cassegrain antenna.

_a? 1+e72%-2e¢"%cosB
NDefocus = 02+B2  1+e 20—2e-C

(2.29)

If B << 1, the exact defocus efficiency equation (2.29) can be approximated by a Taylor expansion
as:

2
41/ ofe™ 2 _ 4 _ 4, _oFe ™ kS
Noefocus = 1~z (1 (1—e-°f)2)B =1 (1 (1—e‘°‘)2) <(4fe/Dp)2> (230
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2 o
For an optimal Gaussian beam Edge Taper of 10.9 dB, a=1.254 and%(l —(a °

1-e~®)2

)=o.309.

Therefore, (2.29) can be simplified to (2.31) in this useful particular case.

2
k8
Nbefocus = 1 — 0.3 <m> (2.31)

In the case of the ALMA antenna, the secondary focus can be repositioned in order to minimize
the loss of efficiency due to the defocus. When the two linear orthogonal polarizations are observed
simultaneously, the secondary focus is positioned at an equal distance to the focal points of both
orthogonal polarizations. In other words, the secondary mirror focus is positioned in the middle
between the focal points of both polarizations. Therefore, the optimal defocus efficiency in the case
of ALMA receivers is the same for both polarizations, since the absolute value of 6 is the same for
both polarizations. In the case of ALMA, the defocus efficiency must be better than 98 %.

e Aperture efficiency
This is the most important efficiency to describe the performance of a receiver. It is defined as
the product of all previous efficiencies, as indicated in (2.32).

Nap = MNillumination * Npolarization * Ndefocus (2.32)

In the case of ALMA, the aperture efficiency in the secondary must be better than 80 %.

e  Beam squint

The beam squint in the sky is the angular separation in the sky of the beams corresponding to
two orthogonal polarizations. This separation is due to the transverse offset of beam waists at the
focal plane of the secondary mirror. Linear offsets Ax, Ay in the focal plane are related to angles in
the sky 6 by the equivalent focal distance of the telescope f. as stated in (2.33). Units in (2.33) are m
for offsets and focal distance and radians for the angle 6.

0= —VAXZf"'Ayz (2.33)

The equivalent focal distance of a Cassegrain telescope [80], as ALMA or ASTE, is related to the
focal distance of the primary mirror f, and the magnification factor of the secondary M. The
magnification factor is related to the eccentricity e of the hyperboloidal secondary mirror as
M=(e+1)/(e-1). In the case of the ALMA antenna, f, is 4.8 m and M is 20, which results in an
equivalent focal distance f. of 96 m.

It is common to express beam squint requirements as a percentage of the beam width. For
example, the beam squint requirement in ALMA is 10 % of the full beam width at half maximum
(FWHM). The FWHM value is proportional to the quotient of the wavelength and the largest size of
the antenna D, which corresponds to the diameter of the primary mirror. The proportionality
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constant depends on the specific kind of beam. For a Gaussian beam, it is 1.02 + 0.0135 Edge Taper
(dB) according to formula (6.41) in [62]. In the case of an optimum Edge Taper of 10.9 dB, it is 1.167.
If the Edge Taper is 10 dB (such as for ALMA band 10), it is 1.155. Therefore, the beam squint 8 in
terms of the FWHM can be expressed as in (2.34), considering a 1.16 proportionality constant.

0 0/ Dy/Ax2+Ay?
FWHM(/O) = 100 1.16Af, (2.34)

In the case of the 12 m ALMA antenna and in terms of the frequency f in GHz and focal plane
offsets in mm, (2.34) can be rewritten as in (2.35):

.. 8 _ ) 5 5
Beam Squint = WHM (%) = 0.03592 - f(GHz)/Ax %2 + Ay (2.35)

For example, a maximum beam squint of 10% at the highest ALMA band 10 frequency (950 GHz)
means the root-mean-square (RMS) waist offset in the focal plane for orthogonal polarizations must
be less than 0.29 mm or slightly less than a wavelength (0.928A).
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Chapter 3

LO Injection using Optics

3.1. Introduction

Heterodyne receivers down-convert the RF signal coming from astronomical sources to an
intermediate frequency (IF) by means of a local oscillator (LO) signal. In the case of SIS/HEB mixers,
the LO signal provides pumping to the superconducting devices. In other words, together with the
DC bias, it provides the operating conditions at which the mixing will take place. In the absence of RF
signal, the device current will be a constant determined by the DC bias voltage in the |-V curve
corresponding to the existing pumping LO power. Therefore, the stability of the LO signal is critical to
provide a stable operating point for astronomical observations. Unstable bias points will worsen
phase and amplitude stabilities and add noise to the astronomical data. When an RF signal is
injected, the RF voltage makes the device voltage fluctuate around the bias voltage, but will not
change the |-V curve provided the RF power is much smaller than the LO power.

In the case of SIS/HEB mixers, the I-V curve of the superconducting devices changes when they
are pumped with a LO signal. In the case of a SIS junction, photon steps due to photon assisted
tunneling appear below the voltage gap in the |-V curve. In the case of an HEB, superconductivity is
locally broken and the |-V curve gets closer to the normal resistance I-V curve. These phenomena are
depicted in figure 3.1.
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Figure 3.1. Effect of LO pumping on the I-V curves of: (a) ALMA band 10 mixer, (b) HEB mixer
(SOURCE for (b): [57])
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LO signals at the lower end of the THz range (frequency below ~1.5 THz) are usually generated by
frequency multiplication of low frequency signals. Lasers are used at the higher end of the THz range.
In both cases, the full LO source dissipates a considerable amount of power and in some cases, it can
be bulky. However, superconducting devices must be cooled down within a cryostat to very low
temperatures for their proper operation. In most cases, the cryostat power and size requirements do
not allow LO sources to be near the mixers. Therefore, low-loss transmission of LO power is required
between the LO source and the mixer element.

At THz frequencies, there are two existing technologies which provide LO power transmission:
waveguides or quasi-optical techniques. Waveguides are preferable at low THz frequencies, due to
the simplicity of the design. However, as frequency increases, so does metallic loss. As a
consequence, loss around 0.5-1 THz is too high for reasonable waveguide lengths. At those
frequencies, quasi-optical techniques can provide a low-loss and compact alternative transmission
system. Quasi-optical waveguides are a well-known technology [81-82] and have been successfully
used in receivers at mm/sub-mm wavelengths [83]. At high frequencies, the size of horns and
mirrors is very compact and radiated beam sizes can be kept small. Additionally, Gaussian beam
modeling simplifies the design of this kind of system. Quasi-optical beams created by common
antenna horns can be modeled easily using fundamental Gaussian beams. The radiated beams can
then be redirected and focused using mirrors. The lost radiated power can be minimized by correctly
dimensioning mirrors. However, the performance of this kind of system is often difficult to
characterize. The difficulty in the characterization lies in the difficulty to perform accurate
measurements at these high frequencies, at which most measurement systems are cutting-edge
technology [84].

3.2. Limits of LO Waveguide Feeding

Waveguide technology becomes very lossy at high frequencies due to the small size of
waveguides and other effects like roughness or anomalous skin effect [85]. This can be explained
easily considering the expression of loss in term of frequency (3.1), which can be derived from the
expression for loss of the fundamental TE,; mode provided in [86],

f24+20¢2
a= 8.676%\/%+—a dB/ (3.1)

vE /fZ—fg

where a, b are the waveguide dimensions, € is the medium permittivity, o is the conductivity of
the waveguide walls and f. is the waveguide cut-off frequency. The loss is inversely proportional to
the dimensions of the waveguide b and approximately proportional to the square root of frequency.
Besides, the effect of roughness in the waveguide must be accounted for, and according to [87], the
loss increases by a factor 1.3. Additionally, the anomalous skin effect adds an additional 13.5%
increase in the case of copper at room temperature [87]. Therefore, the use of long waveguides for
power transmission at THz frequencies presents heavy loss.
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Additionally, there can be standing wave problems in the case of waveguide feeding due to
impedance matching. In the case of waveguide feeding, the waveguide is bringing the impedances of
distant elements together just by some basic impedance transformation, equivalent to rotating one
of the impedances in a Smith chart. The result is often an impedance mismatch which sometimes
translates in strong standing waves. Additionally, the period of the standing waves is very short,
which corresponds to long distances. Standing waves can cause the available LO power to be too low
at the mixing element for proper operation. Short standing wave periods translate into more points
with the same behavior, this is, frequencies at which the devices are under-pumped. In the case of
quasi-optical injection, the impedance of the different elements (mixer, LO source...) are matched to
the free space impedance by means of radiating elements. Therefore, the matching is somehow
improved between elements in both ends of the quasi-optical system. Additionally, distances
between elements which could have a large mismatch (mixer/multiplier to antenna) are shortened,
which increases the period of the potential standing waves and reduces the number of frequencies
at which devices can be under-pumped.

In the case of ALMA band 10, the original LO injection design was done by means of overmoded
waveguides and it proved to be troublesome. The initial LO signal is generated at around 16 GHz and
then, it is frequency-multiplied by a factor 54 (6x3x3). The first multiplier (x6) is outside the cryostat
and the other two triplers are within it. Due to thermal reasons, both triplers cannot be located in
the 4K stage of the cryostat. The original proposal for the LO injection consisted in having one tripler
in the 4K stage and another one in the 110K stage and connecting them by an over-dimensioned
waveguide to reduce losses, as presented in figure 3.2.

Figure 3.2. Original LO injection in ALMA band 10 by means of WR-10 waveguide and transitions

Frequency multipliers at sub-millimeter frequencies present very high return loss. This large
return loss translates into a large standing wave between both triplers, as shown in the
measurement in figure 3.3. Besides, waveguide technology is too lossy as explained before. All this
means that apart from a strong standing wave, there were frequencies at which the SIS mixer could
not be pumped properly. Therefore, it was found necessary to locate both multipliers as close
together as possible. The only solution was to locate both triplers in the 110K stage. The final LO
signal could be brought to the SIS mixer by waveguide technology or using quasi-optical techniques.
Due to losses considerations and potential standing waves, the latter was chosen as it will be
described in section 3.5.
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Figure 3.3. Pump current in SIS mixer. In orange, maximum available current. In blue/yellow,
operating current in different conditions. Nominal minimum operating current is 0.03 mA

3.3. Quasi-Optical Injection

The schematic of a possible realization of a horn-to-horn power transmission system at THz
frequencies is shown in figure 3.4. The variables involved in the design are the radii of curvature of
the two ellipsoidal mirrors, R;, and R,;, the horn dimensions, and the distance between mirrors, d,,
and between horn and mirror, d,. These design parameters are shown in figure 3.4. Both horns are
considered identical. The horn dimensions and the distance between mirrors are usually given by the
available horns and by the distance over which power must be transmitted. Then, the mirror
parameters and the distance between horn and mirror have to be decided. The values of radii of
curvature of mirrors (R;,, Roy:) and distance (d;) between horns and mirrors can be calculated using
Gaussian optics design techniques [62]. The horn dimensions will determine the position and size of
the initial waist, whereas distances d;, d, and the radii of curvature of the ellipsoidal mirrors will
determine the ABCD matrices of the system.

Mirror 2 K

A
Rx horn

d;

Power
Mirror 1 § generation
Rin: Rout L

Tx horn

Figure 3.4. Schematic and variable names for the proposed horn-to-horn power transmission system
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Distance d; must be such that it guarantees that the Gaussian beam reaching mirror 1 has a
radius of curvature equal to the radius of curvature of mirror 1 on the transmitting side, R;,. This
guarantees minimum beam phase distortion. Under these conditions, the output beam of mirror 1
will have radius of curvature -R,. Identical mirrors with the same radii of curvature are preferred in
order to achieve the same electric field amplitude and phase mapping in the aperture plane of the
transmitting and receiving horns with a simple design. This is a condition to obtain good coupling
efficiency as it will be discussed later. If the distance between the receiving horn and mirror 2 and
the distance between the transmitting horn and mirror 1 had to be different, it would be necessary
to use mirrors with different parameters and carefully optimize the amplitude and phase of the
fields in the receiving horn aperture plane to resemble those in the transmitting horn aperture plane
as much as possible. This increases the difficulty of the design process considerably. For identical
mirrors, the input and output radii of curvature of mirror 2 must be R, and R;, respectively. Then,
d, must be such that the beam waist between mirrors 1 and 2 is exactly in the middle point between
them. If the size of the waist between mirrors is appropriate, this guarantees minimum beam phase
distortion in the reflection in mirror 2 and a beam waist of optimal dimensions and located in the
optimal point for reception in the receiving horn. The size and position of the waist between mirrors
depends on the distances d; and d, and on the initial horn waist. Using the conditions for the
desired waist sizes and the conditions for non phase distortion in the mirror reflections, equations
(3.2)-(3.4) were derived:

2
_ zg+dit /(zg+d§) —z3d3 (3.2)

Zr = 2zq
z3
Rin = dy + 3 (3.3)
d 272
Roue = 2+ dizl (3.4)

where zo=rtw,’/A, with A = wavelength and w, = horn waist radius, z,=rtw, %/, with w, = waist
radius between mirrors, and R;,, Roit, d; and d, are the dimensions indicated in figure 3.4. The
design equations (3.2)-(3.4) have been derived using fundamental Gaussian beam theory and
facilitate the design of systems as the one in figure 3.4.

Two solutions can be obtained using equation (3.2). In order to choose one of those, the
amplitude distortion coefficient defined in equation (3.5) and derived from equation (5.79) in [62]
must be considered:

U= ;VT"%(RL + Rjut) (3.5)

where w,, is the waist size at the ellipsoidal mirror.

The amplitude distortion coefficient is related to how asymmetrical the beam becomes after
reflection and must be minimized. After using equations (3.2)-(3.4) and getting two different sets of
solutions, this parameter must be calculated and the solution providing the lowest value must be
chosen.
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A way to further improving the initial design consists in minimizing the amplitude distortion
coefficient as a function of distance d; only. Using all the previous conditions of waist sizes and zero
phase distortion, the amplitude distortion coefficient can be described by equation (3.6):

i 2y / e(z=zo)+ -
p (3.6)

Z[+ZI

The values of z; which maximize and minimize the amplitude distortion parameter in equation
(3.6) are the roots of the polynomial p(x) described in equation (3.7) which are real and for which x >
d2/2:

D00 =07 =9 ()55 720 (x5 15 ()" 720 (20 -7 (%) w2+
b0 (%) 5= (2) 37
The distance d; is then related to those values of z, by equation (3.8):

_ 297y z§—(d,/2)?
d, = dy/2 323 +(dy/2)? (3.8)

The values of z,and d; calculated using (3.7) and (3.8) can then be used to calculate the mirror
radii of curvature using equations (3.3)-(3.4). Notice that the restriction that z, is greater than or

2

N . ,)\d
equal to d,/2 means that the waist size between mirrors must be greater than or equal to P For

example, at 868 GHz, and for d,=200 mm, this means the waist size between mirrors must be at
least 3.32 mm. Continuing with this example, the values of waist size between mirrors can be
calculated as a function of the horn waist size using equation (3.7). Results are plotted in figure 3.5
for all the values of wy which yield correct results. The results for the distance d, are quite long in all
cases and require larger horns for shorter distances. The results of this example show that in some
cases, the minimum amplitude distortion condition cannot be achieved in practical designs.
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Figure 3.5. Waist size between mirrors and distance d; as a function of horn waist size for
minimum amplitude distortion and d,=200 mm
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After designing the system using fundamental Gaussian beam equations, the values of the
variables must be optimized to maximize the coupling efficiency between the transmitting and the
receiving horns. This should be done with appropriate electromagnetic algorithms such as Physical
Optics, described in section 2.3. The design is also frequency dependent, since z, depends on
frequency. Therefore, the design parameters must be optimized over the bandwidth of interest.

3.4. LO Injection for University of Tokyo HEB Receiver Experiment

3.4.1. Background

The group at University of Tokyo led by Professor Satoshi Yamamoto has developed a dual
frequency (900 GHz/1.3 THz) receiver based on HEB mixers. This receiver is described in detail in [57].
The HEB mixers are fabricated and noise tested at University of Tokyo. However, the receiver beam
patterns cannot be measured in-house. Since the lower frequency band of this receiver is very close
to that of ALMA band 10 (787-950 GHz) and ASTE and ALMA cryostat and cartridge sizes are the
same, the beam patterns could recently be measured in the ALMA band 10 laboratory at NAOJ.

The HEB receiver uses quasi-optical LO injection for both bands. In the case of nominal operation
in the ASTE telescope, the LO signal is generated outside of the cryostat and then, radiated by a
diagonal horn and focused by an ellipsoidal mirror attached to this horn. This LO beam enters the
cryostat through a side window and it is then reflected in a couple of flat mirrors in the receiver.
Finally, the LO signal is coupled to the RF signal by means of a wire grid, located before the
ellipsoidal mirror in the RF path, and both of them are received by the diagonal horn in the HEB
mixer block. The schematic showing how the RF and LO are originally coupled is presented in figure
3.6. The polarization of the LO and RF beams is the same after the wire grid coupling. The LO signal
provides the pumping current for the HEB mixer and must therefore be as stable as possible.

In the case of the ALMA band 10 test cryostat, there are no windows for LO injection on the side
of the cryostat and the LO must be injected from the RF cryostat window. Fortunately, the total
distance of the LO optical path is long enough to allow the LO signal to be coupled to the RF signal
and to be input together from the cryostat window. For the beam measurements at NAOJ, the optics
was slightly modified to account for this need. The RF/LO coupling wire grid in the receiver was
removed from its standard position and used out of the cryostat. The modified RF-LO coupling for
the measurement campaign is presented in figure 3.7. The LO optical path distance is the same in
both situations, which means the quasi-optical analysis is the same in both cases.
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Figure. 3.7. Modification of 900-GHz ASTE receiver optics for beam pattern measurements

3.4.2.

The LO injection optics in figures 3.6 and 3.7 are analyzed in this section using quasi-optical
analysis techniques. The LO source for the 900 GHz receiver is a 0.8-1.0 THz commercially available
source fabricated by VDI [88]. It is based on a Schottky-diode multipliers chain which gets an input
signal at GHz frequencies from a frequency synthesizer. The LO source output is by means of a
diagonal horn whose dimensions provide a 0.691 mm waist with radius of curvature of 7.000 mm at
the horn aperture (0.618 mm waist at 1.800 mm inside the horn) at 900 GHz. The LO source has an
ellipsoidal mirror directly attached to it. The mirror has a focal distance f=41.660 mm and it is
located 46.8 mm away from the horn aperture. The beam size at the mirror is 8.366 mm with radii of

freq separation

Quasi-optical analysis
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curvature of 48.867 mm. Therefore, the output radius of curvature is -282.483 mm. The waist of
such a source-mirror combination is located 238.712 mm from the mirror and its size is 3.293 mm.
The distance between ellipsoidal mirrors in the LO optical path is 406.863 mm. Therefore, the
distance from the intermediate waist to the second mirror is 168.151 mm. This means the beam size
at the second mirror will be 6.340 mm with a radius of curvature of 230.289 mm. Since the second
mirror focal distance is 48.284 mm, the output radius of curvature will be -61.063 mm. The output
waist of the second mirror will therefore be 59.545 mm from the mirror and the size will be 1.009
mm. The distance between the second mirror and the receiving diagonal horn is 48.699 mm.
Therefore, the LO beam final waist will be 10.846 mm within the horn. The receiving horn
dimensions are such that the beam size at the aperture is 1.511 mm with a radius of curvature of 19
mm, which translate in a 1 mm waist at 10.676 mm within the aperture. In conclusion, the beam
produced by the quasi-optical system and the beam which the receiving horn can detect are
approximately the same and therefore, coupling must be good in a first order approximation. The
frequency dependence of the design is presented in table 3.1.

Table 3.1. Fundamental Gaussian Beam parameters of the HEB receiver 900-GHz LO injection optics
and its dependence with frequency. All values are expressed in mm

860 GHz | 900 GHz | 940 GHz
Tx horn waist radius 0.623 0.618 0.613
Distance from horn waist to tx horn aperture 1.673 1.800 1.929
Beam radius at mirror 1 8.655 8.366 8.105
Beam radius of curvature at mirror 1 input 48.726 48.867 49.008
Beam radius of curvature at mirror 1 output -287.295 | -282.483 | -277.839
Beam waist radius between mirrors 3.391 3.293 3.200
Beam radius at mirror 2 6.342 6.340 6.338
Beam radius of curvature at mirror 2 input 229.201 | 230.289 | 231.250
Beam radius of curvature at mirror 2 output -61.170 -61.063 -61.026
Output waist radius 1.056 1.009 0.967
Distance from M3 to output waist 59.474 59.545 59.606
Beam radius at rx horn waist position 1.025 1.000 0.976
Beam radius of curvature at rx horn waist position | 2284.769 | 2476.407 | 2675.636

In the case of the HEB receiver, the LO source and first mirror are located outside of the cryostat
and their position can be modified. Therefore, before operation of the HEB receiver, it is possible to
adjust the position of the source + mirror combination in order to maximize the received LO power
in the HEB mixer. This can be easily done by measuring the HEB bias conditions at different LO
source positions. This is a useful extra degree of flexibility to compensate for frequency
dependences in the design.
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In the case of the design in figure 3.7, the total length of the LO optical path was kept constant
with respect to the design in figure 3.6. All elements which change the size of the LO beam are the
same and are located at the same relative position in the optical path. Therefore, the quasi-optical
analysis is the same for both cases. However, in figure 3.7, the size of the beam when it gets coupled
to the RF beam and when it gets through the cryostat window and IR filters is different and there
could be beam truncation.

The distance between the LO source mirror and the waist between mirrors is 238.712 mm. From
the waist to the second mirror, it is 168.151 mm. In total, the length of the LO optical path is
approximately 515 mm. The waist between mirrors is located 18.286 mm behind the ALMA band 10
test cryostat window. Therefore, the size of the beam at the window is 3.346 mm. The window
radius is 10 mm. The truncation of the beam occurs at a distance 3w from the beam center, which
means truncation at less than -77 dB from the beam maximum. Therefore, there are no truncation
problems at the window. The IR filters are located at 32.714 and 64.714 mm from the waist and the
diameters of the existing apertures are 25 and 30 mm, respectively. The beam sizes at those
positions are 3.458 and 3.898 mm, respectively, which means truncation at less than -100 dB with
respect to the beam maximum. The wire grid used to couple the RF and LO signals is located 44.5
mm from the waist, and the beam size is 3.592 mm. The wire grid diameter is 25 mm. This means
the truncation occurs at 3.5w or at less than -100 dB. In conclusion, the change in the LO injection
path does not bring about any truncation to the LO beam and the HEB mixer can be properly
pumped as in figure 3.7.

For the experiment at NAOJ, the ALMA band 10 test cryostat was used to cool down the HEB
receiver. The cryostat vibrates mechanically at a frequency of 1 Hz in the direction of the incoming
beams. Therefore, the LO optical path changes a random distance at that frequency. A main concern
at this point was if the injected LO signal would be stable enough for the HEB mixer. The first
measurements proved that the HEB bias point was acceptably stable and measurements could be
performed as explained in chapter 4.

3.5. LO Injection for ALMA Band 10

3.5.1. Design

ALMA band 10 receiver [89] is a cryogenically cooled heterodyne receiver working in the 787-950
GHz frequency band. The frequency down-conversion is achieved by means of a superconductor-
insulator-superconductor (SIS) mixer based on NbTiN superconducting technology. This SIS mixer
requires to be cooled down at 4 K for proper operation. The separation between the 4K and the
110K stages in the ALMA cryostat is more than 200 mm. After generation of the final LO signal in the
110K stage, that power must be transmitted to the SIS mixer in the 4K stage. Firstly, local oscillator
power is transmitted by means of two diagonal horns and two ellipsoidal mirrors from the LO power
generator to the SIS mixer block located at different cryostat levels, as indicated schematically in
figure 3.4. Then, the received power is injected into the SIS mixer using a 10-dB waveguide
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directional coupler. Figure 3.8 indicates the position of the LO diagonal horn in the mixer block and
shows how the coupling between the RF and LO signals is performed in the mixer block.

Figure 3.8. Graphical explanation of LO signal coupling to the RF signal after detection at the LO
diagonal horn

The ALMA band 10 receiver works from 787 GHz to 950 GHz, with a 4-12 GHz IF bandwidth. The
current SIS mixing scheme performs double side-band (DSB) down-conversion, which means the LO
frequencies must range from 799 GHz to 938 GHz. Therefore, the design of the LO injection system
was carried out at the center frequency of the required LO bandwidth, 868 GHz.

The horns considered for this design were rectangular and diagonal horns. Corrugated horns
produce better results in terms of coupling efficiency [90], but they are much more difficult to
manufacture and more expensive. Therefore, it was decided to stick to simple horns for this design.
It was found that power transmission between rectangular horns is worse than for equivalent
diagonal horns. Therefore, diagonal horns were chosen due to high beam symmetry, high Gaussicity
and ease of fabrication. The diagonal horn aperture side and axial length are a=1.2mm and L=5 mm,
respectively. These values are a good compromise between gain and side-lobe level. These
dimensions are also easy to fabricate using standard machining techniques. Gaussian optics theory
states that such a diagonal horn co-polar aperture field distribution is best fitted by a Gaussian beam
with radius 0.43a at the horn aperture [91], 0.516 mm in this case. That yields a waist radius wq =
0.464 mm located 0.95 mm within the horn. The distance between transmitting and receiving horns
must be d,=226.7mm.

Firstly, distance d, for minimum distortion was calculated using equations (3.7) and (3.8). The
results showed that a distance d;= 340 mm and a waist size between mirrors of 80.55 mm are
required, which is not acceptable for the current design. Actually, due to size restrictions, d; must be
kept as short as possible. Besides, a larger d; increases the spill-over loss for a given size of
ellipsoidal mirrors. Finally, a distance of 20.5 mm was chosen between the horn and mirror 1.
Therefore, the effective distance d; between the horn waist and the mirror is 21.45 mm at 868 GHz.
The input radius of curvature of mirror 1 must be R;, = 21.63 mm according to equation (3.3). Using
equations (3.2) and (3.4), two radius of curvature were obtained: R, = 176.4 mm or 317.1 mm for
waist size between mirrors equal to 3.05 mm and 4.09 mm, respectively. The amplitude distortion
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coefficient given by (3.6) was calculated for both solutions and the first one (R, = 176.4 mm, w,=3.05
mm) turned out to be the best.

These values provide an optimal solution from the point of view of theoretical Gaussian optics
and for the size restrictions imposed by the ALMA cryostat. The waist radius at the mirrors is 5.10
mm and 3.05 mm between them. The windows between cryostat stages through which the beam
must pass were chosen big enough to guarantee no significant truncation of the beam. The size of
the mirrors was taken large enough to guarantee low spill-over loss. Specifically, the major and
minor semi-axes of the mirror elliptical rim are 15 and 10.5 mm. Therefore, the projected rim on the
direction perpendicular to beam propagation is an approximate circumference of radius 10.5 mm.
Since the beam radius at 868 GHz is 5.1 mm for both mirrors, this means an edge taper in the
mirrors of around 36.8 dB or spillover loss of 0.02%. The dependence with frequency of the
proposed design is presented in table 3.2.

Table 3.2. Fundamental Gaussian Beam parameters for the proposed design and
their dependence with frequency. All values are expressed in mm

799 GHz | 868 GHz | 938 GHz
Tx horn waist radius 0.471 0.464 0.457
Distance from horn waist to tx horn aperture 0.829 0.950 1.075
Beam radius at mirror 1 5.426 5.099 4.823
Beam radius of curvature at mirror 1 input 21.491 21.630 21.771
Beam radius of curvature at mirror 1 output -186.174 | -176.406 | -167.534
Beam waist radius between mirrors 3.270 3.049 2.851
Beam radius at mirror 2 5.128 5.099 5.076
Beam radius of curvature at mirror 2 input 182.278 | 176.406 | 171.898
Beam radius of curvature at mirror 2 output -21.544 | -21.630 | -21.699
Output waist radius 0.499 0.464 0.433
Distance from M3 to output waist 21.340 21.450 21.541
Beam radius at rx horn waist position 0.499 0.464 0.433
Beam radius of curvature at rx horn waist position | -398.05 Infinity 99.939

3.5.2. Coupling Efficiency

The previous design is used as a zero-th order solution for the ALMA band 10 LO injection design,
since it considers only one fundamental Gaussian beam is propagating between horns. In the case of
diagonal horns, the percentage of power transmitted as a fundamental Gaussian beam is 93.2% [91].
TICRA GRASP [72] was used for more accurate simulations using the Physical Optics algorithm and
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for optimization of the solution, including the effects of cooling down to cryogenic temperatures.
ALMA band 10 optics model is presented in figure 3.9. RF optics [58] has also been included in the
model to simulate all the optical elements together. The separation between the 4K and the 110K
optics is clear.

The LO injection system described must be duplicated, one system for each polarization, PO and
P1. This is due to the fact that there is one SIS mixer for each polarization. The SIS mixer blocks for
these two polarizations are located perpendicularly in the 4K stage due to the implementation of the
separation of polarization by means of a wire grid [58]. However, both LO horns are in the same
direction. Mirror M3pg is the element used to provide this direction change. Notice the different
orientation of mirrors Mspg and M3sp; With respect to the diagonal horns in the 110K stage in figure
3.9.

It is important to point out that mirrors M, and transmitting horns are cooled down to 110 K,
whereas mirrors M3 and receiving horns are cooled down to 4 K. An optimal solution would be to
have mirrors and horns of different dimensions at each cryostat stage so that, when they are cooled
down to their working temperatures, the dimensions correspond to those of the design, and similar
elements at 4 and 110 K stages are the same size. However, that solution is more expensive and
complex. For ALMA band 10 LO injection, it was decided to use the same manufactured mirrors and
horns and optimize the solution to get the best possible power coupling when elements are cooled
down. The effect of shrinkage in distances has also been taken into account in the optimization using
GRASP.

Horn Grid
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©170
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Figure 3.9. Optics model of ALMA band 10 receiver. Mirrors 1 and 2 in figure 3.4 correspond to
mirrors M3 and M, in this model. LO Horn PO/LO Horn P1 refers to the horns on the LO side.
LOMxr Horn PO/LOMxr Horn P1 refers to the horn on the mixer block for each polarization.
The rest of elements are the receiver tertiary optics

The electromagnetic fields arriving at the mixer horn aperture plane in the 4K stage from the LO
horn in the 110K stage have been calculated for both polarizations. These fields have been used to
calculate the power efficiency of the quasi-optical LO injection. Several partial efficiencies have been
calculated to obtain the total efficiency n. Polarization efficiency npo. has been calculated as the
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power in one linear polarization divided by the total received power. Aperture efficiency nap is the
power in the diagonal horn aperture divided by all the received power. Coupling efficiency n¢
indicates how well the diagonal horn on the mixer end can receive the arriving power distribution.
Spill-over efficiency nso, indicates the power loss by spill-over in the mirror reflections. The total
efficiency has been calculated considering both co-polarization and cross-polarization received
radiation, as explained in [90]. The cross-polarization part of the efficiency accounts for cross-
polarization radiation which is detected by the diagonal horn cross-polarization radiation pattern.
This contribution is very small in most cases. Equation (3.9) summarizes the total efficiency
calculation.

n=TNso" (UPOL_Co *Nap_co " Nc_co T NporL_xs * Nap_xs UC_XS) (3.9)

The optimization using GRASP consisted of maximizing the coupling efficiency in equation (3.9)
over ALMA band 10 LO bandwidth. Design dimensions and efficiencies did not change much with
respect to the theoretical solution, which means fundamental Gaussian beam theory was
appropriate for this kind of system. The radii of curvature of mirrors after optimization are 21.6 mm
and 178.8 mm at room temperature.

The resultant co-polar and cross-polar electric field distributions at the mixer horn aperture plane
at 868 GHz are depicted in figure 3.10. Field distributions at other frequencies do not change much.
The diagonal horn aperture is also shown in yellow for the sake of clarity. The results of the
efficiency calculation at the edges and center of the ALMA band 10 LO frequency band are presented
in table 3.3. The total efficiency calculated using GRASP is only around 0.2% better than the
efficiency for the theoretical solution using quasi-optical theory.

PO Co-Polar PO Xs-Polar

P1 Co-Polar

7N

Figure 3.10. Electric field distribution at the aperture plane of the mixer horn in PO and P1 at 868GHz.
The difference between consecutive contour lines is 5 dB, the plotted values range from 0 to -60 dB
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Table 3.3 shows that the efficiency is always better than 56% at all frequencies and polarizations.
However, PO is always better than P1 in terms of total efficiency; and the total efficiency degrades
with increasing frequency.

Table 3.3. Partial and total efficiencies (in %) for the systems in both polarizations
at 799 GHz, 868 GHz and 938 GHz
PO P1

799 GHz | 868 GHz | 938 GHz | 799 GHz | 868 GHz | 938 GHz
NeoL co 88.55 88.41 88.33 89.54 89.02 88.46
NeoL xs 9.09 9.24 9.35 7.79 8.42 9.04
Nap co 93.71 94.06 94.05 92.17 93.15 93.59
Napxs 59.54 63.42 66.90 72.46 69.74 68.57
Ncco 82.62 77.87 72.03 79.19 75.57 71.05
Ncxs 19.79 22.87 25.43 23.41 22.33 21.18
Totalneo | 68.56 64.76 59.83 65.35 62.66 58.82
Total nys 1.07 1.34 1.59 1.32 1.31 01.31
Nso 92.77 93.06 93.60 93.03 93.26 93.81
Total n 64.60 61.51 57.49 62.02 59.67 56.41

If a long WR-1.2 waveguide were used to transmit power 200 mm away at 868 GHz, the loss
would be more than 6.3 dB. This loss can be reduced by using oversized waveguides. For example, if
WR-3 is used, the theoretical loss of a straight waveguide alone would be around 2.5 dB. The price to
pay is the use of waveguide section transformers and possible risks and a more difficult design due
to multimode operation. Besides, extra loss must be added for any bending or transformers which
are utilized; and presumably, the measured loss will be greater than the theoretical loss. Using the
quasi-optical technique presented here, the total efficiency is better than 56%, which means a
measured loss of 2.5 dB for the full transmission system. The disadvantage is that it is more sensitive
to vibration and there is a higher risk of power leakage if the alignment between elements is lost.

3.5.3. Measurements

Two different room-temperature experiments were set up to verify the quasi-optical LO injection
for ALMA band 10. The first of them consisted in mapping the co- and cross-polar field distributions
near the horn aperture plane. The measured fields could then be compared to the fields in figure
3.10. The second experiment consisted in measuring the total received power after the receiving
horn and using it to calculate the transmission efficiency. The position accuracy of horns and mirrors
is #10 um. The machining accuracy depends on external conditions and it is difficult to assess
precisely, but it is around +20 um. The roughness of the mirror surfaces expressed by means of the
root-mean square profile roughness parameter R, is 1 pm.

The first measurement setup is shown in figure 3.11. The transmitter is composed of a Gunn
oscillator, which transmits at around 100 GHz, followed by a chain of frequency multipliers (x9) and a
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rectangular probe horn with a broad radiation pattern. The transmitter is mounted on a positioning
system which allows motion on x, y and z axes and rotation around the z axis. A model with two
ellipsoidal mirrors and a receiving diagonal horn reproduces the design described previously. After
the diagonal horn, the received signal is down-converted to an IF frequency of 90 MHz and
measured by a vector voltmeter synchronized in phase with the RF and LO signals. This system
allows measuring the amplitude and the phase of the signal at any point of the measuring plane and

with any linear polarization.

Figure 3.11. Experimental setup to measure the E-fields at the receiving horn

The actual measurement could not be performed exactly at the diagonal horn plane due to the
mechanical shape of the ellipsoidal mirrors. However, it was measured as close to it as possible. The
results of the measured co- and cross-polar fields are presented in figure 3.12. Fields simulated with
GRASP in the same plane are also included for comparison.

Simulated Co-Polar Simulated Xs-Polar

Figure 3.12. Simulated and measured electric field magnitude at a plane close to the aperture plane
of the receiving horn at 868GHz. The difference between consecutive contour lines is 5 dB and the
plotted values range from 0 to -60 dB
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In order to compare the simulations and measurements, the co-polar fields were fitted by a
fundamental Gaussian beam and the results compared. This is shown in table 3.4. The results of
measurements and simulations agree quite well.

Table 3.4. Comparison of fundamental Gaussian beam fitting of simulation and measurement results.
Theoretical values included for reference

Theoretical | Simulation | Measurement

Gaussicity 100.0 % 96.2 % 97.0%
wOx 0.464 mm | 0.498 mm 0.475 mm
w0y 0.464 mm | 0.468 mm 0.477 mm

The second measurement setup is shown in figure 3.13. All the design dimensions of the system
under test correspond to the values designed for the ALMA band 10 receiver. Power is generated by
a frequency synthesizer at around 24 GHz and multiplied to the 799-938 GHz band by means of a
chain of frequency multipliers (x4, x3, x3). On the receiving side, a total power calorimeter [92] has
been used to measure the total power received. This power meter is sensitive up to visible radiation.
At each frequency point, two consecutive measurements have been taken with the LO source in ON
and OFF states. This way, the OFF measurements can be used to calibrate the ON data in order not
to account for radiation in unwanted frequencies. Then, the horns and mirrors have been removed
and the transmitting and receiving end have been connected together to obtain a waveguide-to-
waveguide calibration measurement.

Figure 3.13. Horn-to-horn power transmission experimental setup

A significant standing wave has been found in these measurements. The lowest frequency of this
standing wave, around 1.1 GHz, corresponds to a maximum distance between reflections of 13.6 cm.
This distance corresponds to the dimensions between waveguide components used in the
experimental setup and not to the distances between the elements composing the power
transmission system.

In theory, the total power P reaching the load can be expressed as:
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Prmeasureda = P+ (1 — lo]?) (3.10)
where p is the reflection coefficient in the load [93].

Therefore, according to equation (3.10), the measured power will always be less than the power
reaching the load, the power meter in this case, due to the effect of the reflection that originates the
standing wave. The results of the measured power are shown in figure 3.14. The efficiency has been
calculated as the ratio of the horn-to-horn measured power P, over the waveguide-to-waveguide
measured power P, at each frequency. The result is presented in figure 3.15.
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Figure 3.14. Measured power in the described experiment
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Figure 3.15. Measured efficiency of the THz horn-to-horn power transmission system

Considering equation (3.10), the calculated efficiency can be expressed as:

_Frh
n — Pon=Prh _ n /PWW (3.11)
measured Pww—Prw 1_Prw/ '
ww

where n is the true efficiency, and P,, P, are the reflected power in the horn-to-horn and

waveguide-to-waveguide setups.
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The denominator in equation (3.11) is always less than one and will contribute to increase the
measured efficiency. However, the expression in the numerator decreases the measured efficiency.
After some mathematical manipulations, it is found that the measured efficiency is lower than or
equal to the true efficiency when n < P}, /P, This condition is met approximately for all the data
presented in figure 3.14. Therefore, the efficiency presented in figure 3.15 is lower than the true
efficiency at almost all frequencies. The measured values of efficiency are between 50% and 60% at
almost all frequencies. Therefore, the efficiency of the horn-to-horn power transmission system
must be close to 55-60% at all frequencies, which means less than 2.5 dB loss. The mean value of the
measured efficiency decreases with frequency, as also stated in table 3.2.

3.5.4. Application to ALMA band 10 cartridges

This power transmission system has been implemented in ALMA band 10 cartridges. It has been
used to transmit the LO signal to the SIS mixers in different receiver cryostat stages. The power
pumped to the SIS mixer and the power delivered from the LO have been measured for both
polarizations, PO and P1. In both cases, the power delivered to the SIS mixer is more than enough to
meet operation requirements. This is shown in figure 3.16.
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Figure 3.16. Pumped current into the SIS mixer in the receiver end of the power transmission system

The current pumped into the SIS mixer depends on the bias and LO power as described in
equation (3.12),

nhw

Inc(VBias VLo) = Zme—wJa (@) I3¢ (VBias + T) (3.12)

where a = eV o/hw, Ipc, and e are the pump strength, SIS mixer current without LO signal, and
electron charge [94].

Using equation (3.12), the pump strength (or Vo) and the reflection coefficient can be calculated.

The calculated reflection coefficient is presented in figure 3.17. The reflection coefficient is around
-20 dB.
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Figure 3.17. Reflection coefficient and VSWR of the power transmission system

3.6. Side-band Noise and LO Injection

3.6.1. Explanation of the problem

The output LO signal from the multipliers in the band 10 LO chain presents high side-band noise
for the LO signal levels required to properly operate ALMA band 10 SIS mixers. This noise degrades
the noise performance of the band 10 receiver. The current cold multipliers provide lower sideband
noise when input power is high [95]. Therefore, high output power from the LO source is preferred.
In that case, the total power that reaches the SIS mixer is too high for optimum operation and must
be reduced. Additionally, if the LO power is reduced, the side band noise is also reduced by the same
amount. Extra attenuation can be achieved by using quasi-optical attenuators in the LO injection
path or by decreasing the coupling of LO signal to the SIS mixer. This second solution means a fix LO
injection path design and reduces flexibility. At the moment, the output power of the LO source and
multiplier chain is seldom repeatable and power conditions change for different receivers. Therefore,
simple quasi-optical attenuators are preferred, since they allow choosing the appropriate
attenuation for each case depending on the output power of the specific LO source and the specific
performance of the components in the LO injection path for each ALMA band 10 receiver. On the
other hand, the SIS junction needs a minimum pump current provided by the LO signal, and thus, a
tradeoff between sideband noise and SIS pump current must be achieved. If appropriate attenuation
can be provided by quasi-optical attenuators in the LO path, the cold multipliers can be over-
pumped and the SIS current can be chosen to be optimum in terms of noise performance.

The radiated LO signal travels between the 110K and the 4K cryostat stages through small
windows. In the original LO injection design, these windows are big enough to guarantee no
truncation of the beam occurs. Quasi-optical attenuation can be carried out by making those
windows smaller in size, using some metallic plates with smaller diameter. The metallic area of the
window which performs truncation is painted with THz-radiation absorbent paint to ideally suppress
the signal bouncing back. The used absorbent paint is composed of SiC grains (350 um diameter),
stycast epoxy 2850FT and curing agent catalyst 9 [96]. It needs curing after direct application to the
attenuator. Examples of attenuators with different diameters are presented in figure 3.18.
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Figure 3.18. Quasi-optical attenuators for ALMA band 10 LO injection

The windows which have been covered with attenuators are the ones located between the 110K
and the 15K cryostat stages. The windows between the 15K and the 4K stages keep its nominal
diameter. An example of the ease of mounting of these attenuators is presented in figure 3.19. On
the left of figure 3.19, the nominal IR filters at the 15K plate are presented. The attenuator on the
right of figure 3.19 is mounted together with the corresponding IR filter.

Figure 3.19. Quasi-optical attenuators in the LO injection path

3.6.2. Design of quasi-optical attenuators

The theoretical design of quasi-optical attenuators has been done by Physical Optics (PO)
simulations using GRASP. Diffraction effects have been modeled using Geometrical Theory of
Diffraction (GTD). The two LO windows between cryostat stages have been simulated. The size of
the window closest to the SIS mixer has diameter 21.5 mm, whereas the other window is made
smaller. Figure 3.20 shows the model used in GRASP to simulate the attenuation. Results of the
efficiency analysis for different attenuator diameters of the LO signal for polarizations PO and P1 are
reported in tables 3.5 and 3.6. The difference in attenuation for the LO signals used for PO and P1 is
due to the fact that the distances from the mirror in the 110K stage to the respective LO window are
different for them. P1 is further from the filters and therefore, the beam is smaller when it reaches
the attenuator. The difference in distance for the LO signal for both polarizations is almost 34 mm.
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Figure 3.20. GRASP model to simulate attenuation in the LO signal path

Table 3.5. Efficiency analysis of LO transmission for PO for different attenuators at 868 GHz

No filter D=7mm D=6mm D=5mm D=3.5mm

Nso (%) 92.39 59.61 47.65 33.78 13.52
NroL coror (%) 90.55 95.55 95.13 94.57 93.78
NroL xspoL (%) 9.45 4.45 4.87 5.44 6.22
N ap copol (%) 93.28 94.23 91.89 88.86 84.11
Nap xspor (%) 60.42 81.76 78.95 75.33 70.17
Nccoror (%) 83.52 62.18 54.90 47.92 39.65
Nexseor (%) 35.96 2.43 2.35 2.90 3.59
Total ncopoL (%) 65.17 33.37 22.87 13.60 4.23
Total nyspor (%) 1.90 0.05 0.04 0.04 0.02
Total n (%) 67.07 33.42 22.91 13.64 4.25
Attenuation (dB) 1.73 4.76 6.40 8.65 13.72
Extra Att (dB) 0.00 3.03 4.67 6.92 11.99

Table 3.6. Efficiency analysis of LO transmission for P1 for different attenuators at 868 GHz

No filter D=7mm D=6mm D=5mm D=3.5mm
Nso (%) 92.54 70.02 58.92 4491 20.72
NroL coror (%) 91.38 95.26 95.14 94.77 93.84
NpoL xspoL (%) 8.62 4.74 4.86 5.23 6.16
Nap coroL (%) 92.33 91.81 89.24 84.80 76.61
Nap xspoL (%) 67.26 69.42 67.76 64.34 58.12
Nccoror (%) 81.83 71.37 64.27 56.27 45.55
Nexseor (%) 32.28 0.92 0.56 1.65 2.80
Total ncopoL (%) 63.88 43.70 32.15 20.31 6.78
Total nyspor (%) 1.73 0.02 0.01 0.03 0.02
Total n (%) 65.62 43.72 32.16 20.33 6.81
Attenuation (dB) 1.83 3.59 4.94 6.92 11.67
Extra Att (dB) 0.00 1.76 3.11 5.09 9.84
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The effect of truncation of the beam at the first aperture is a widening of the beam in the
receiving horn, since the size of the waist between mirrors is reduced. Besides, the final beam
pattern side lobes increase due to diffraction in the attenuator aperture. These two effects cause the
coupling efficiency of the beam to degrade. Figure 3.21 shows the effects on the co-polar pattern of
the received fields for PO at 868 GHz in the cases without attenuation and with a 3.5 mm diameter
attenuator.

No attenuators 3.5 mm Attenuator

Figure 3.21. Electric field distribution at the aperture plane of the mixer horn in PO at 868GHz.
The difference between consecutive contour lines is 5 dB and values range from 0 to -60 dB

The attenuator performance is clearly frequency dependent, since the size of the beam between
mirrors depends on frequency. At lower frequencies, the beam is wider and the effects of truncation
will be more severe. The exact frequency dependence of attenuation will also depend on the
coupling of radiation to the SIS mixer block diagonal horn and must be studied individually on a case
by case basis.

Attenuators with diameter equal to 7, 6, 5 and 3.5 mm have been fabricated at NAOJ and tested
with ALMA band 10 receivers. The pump current at the SIS mixer has been measured for the cases of
with and without attenuators and for the mixers used for PO and P1 polarizations. Results of pumped
current are provided in figure 3.22.
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Figure 3.22. Measured SIS pump current mixer in PO (left) and in P1 (right)
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From the mixer current and using equation (3.12), the pump strength a, which is proportional to
the received LO voltage, can be calculated. The values of a in the different attenuation cases are
normalized by the corresponding a without attenuation and converted to dB. This is the value of
attenuation. Results are presented in figure 3.23. Results present large ripples due to standing waves
in the system. Therefore, it is difficult to read a unique value of attenuation at a certain frequency.
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Figure 3.23. Measured attenuation for PO LO attenuators (left) and P1 LO attenuators (right)

Table 3.7 shows a comparison of the simulated values of attenuation and the values calculated
from measurement data at 868 GHz. Two values are considered for measured data, the maximum
and the minimum values of attenuation around the frequency of interest. The trends in attenuation
as a function of diameter and approximate values match acceptably. Measured values of attenuation
are in general lower than simulations and they are more different when the attenuator aperture
gets smaller. This is due to the fact that at smaller diameters diffraction effects dominate over beam
truncation. Physical Optics theory is known to have some difficulties to accurately model diffracted
fields, even when GTD is used [97]. Therefore, the results yielded by GRASP for small diameter
attenuators are less accurate than for larger diameter values.

Table 3.7. Comparison of measured and simulated values of attenuation in dB at 868 GHz

7mm | 6mm | 5mm | 3.5mm
PO Simulated 3.03 | 467 | 6.92 11.99
PO Measured (max) | 3.32 | 4.85 | 6.51 | 10.70
PO Measured (min) | 1.81 | 3.17 | 4.93 9.27
P1 Simulated 1.76 | 3.11 | 5.09 9.84
P1 Measured (max) | 1.58 | 2.92 | 4.31 8.52
P1 Measured (min) | 0.14 | 1.53 | 3.05 7.02

The measured uncorrected noise temperature for different attenuator diameters is presented in
figure 3.24 for the mixers for both polarizations. Noise temperature clearly improves when
attenuators are used. The difference between the noise temperature measured with 5 and 3.5 mm
diameter attenuators does not change much, which suggests noise temperature does not improve
from some value of attenuation.
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Figure 3.24. Noise temperature using different attenuators in the LO injection path

These attenuators are currently being used in the LO injection of ALMA band 10 cartridges. The
appropriate value of diameter is carefully chosen for each attenuator and each cartridge in order to
guarantee minimum noise and appropriate SIS mixer pumping current.
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Chapter 4
Radio-Frequency Input Optics

4.1. Introduction

RF optics is the system which makes possible that the signal collected by a telescope properly
reaches the detector in the astronomical receiver. The performance of RF optics will impact on the
final performance of the whole telescope. The objective of the LO optics presented in chapter 3 is
basically to provide stable and appropriate operational conditions for the receiver. Once the
detector has been biased at a proper DC voltage/current and stably pumped by an LO signal, the RF
signal can be down-converted to the IF signals which will constitute the prime matter for
astronomical analyses. As explained in chapter 1, an appropriate design of the RF receiver optics
makes it possible to take full advantage of the detector capabilities. Any loss or mismatches will
downgrade the receiver capabilities and therefore, degrade the astronomical observations.
Therefore, the performance of RF optics must be optimal. This makes RF optics one of the most
important systems in astronomical receivers. Chapter 2 provided the tools necessary for the
understanding of the receiver optics analysis. In chapter 4, the optics of two different astronomical
receivers will be analyzed. Firstly, the 900-GHz optics in the HEB receiver developed by Professor
Yamamoto’s group at University of Tokyo will be studied. The original design of this optics was
performed using simple quasi-optical techniques. In this chapter, that design will be validated by
means of more precise Physical Optics simulations. Then, the results of the receiver experimental
characterization at NAQOJ already introduced in chapter 3 will be presented. Secondly, the optics in
the ALMA band 10 receiver will be analyzed by quasi-optical techniques and Physical Optics software
and results will be compared to measurements.

4.2. HEB receiver 900-GHz RF optics

4.2.1. Optics design

The sub-mm wavelength receiver developed at University of Tokyo uses HEB mixers [57] to
detect radiation in the atmospheric windows around 900 and 1300 GHz [98]. Due to the large
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difference in frequency, each band is detected by different HEB mixers located in different mixer
blocks with integrated diagonal horns. The input signal is separated in the two frequency bands by
means of a wire grid located just after the cryostat window, which reflects the lower band and is
transparent for the upper band. Figure 4.1 shows the 4K stage of the receiver, with some
modifications to have a clear view of the optics. In this study, only the 900 GHz optics is of interest
and its schematic is presented in figure 4.2, which is the same as in figure 3.6 but omitting the LO
injection system. This optics uses a single ellipsoidal mirror to match the beam coming from the
secondary mirror of the ASTE antenna to the required beam size in the diagonal horn attached to
the HEB mixer block. The local oscillator (LO) signal is injected into the HEB detector as explained in
section 3.4. As explained there, the injection of the LO signal into the ALMA band 10 test cryostat
requires the coupling of the RF and LO signals before the cryostat window. Therefore, the wire grid
for coupling, which is normally placed just before the last ellipsoidal mirror in the optical path, is
placed just in front of the cryostat window. The simplified schematic in figure 4.3 contains this little
change in the optical path necessary for the experimental characterization of the optics.

Figure 4.1. 4K stage of the HEB dual-frequency receiver, modified for a clear view of the optics
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Figure 4.2. 900-GHz ASTE receiver optics
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Figure 4.3. Modification of 900-GHz ASTE receiver optics for beam pattern measurements

The receiver optics has been analyzed using fundamental Gaussian beam analysis in order to
obtain the sizes and radii of curvature of the ideal beams at different frequencies. The results,
together with design dimensions, are presented in table 4.1. Notice that the distance mirror-waist
calculated here, 172.848 mm, is slightly different from that calculated in section 3.4.2, which was
168.151 mm. This difference is due to the fact that the LO injection was not ideal. The final waist of
the LO injection system did not exactly coincide in size and position with the waist of the final
diagonal horn. That little difference was not important for LO injection. However, it creates that little
4.7 mm offset between the waists of the RF optics and the waist between mirrors in the LO optics.

Table 4.1. Quasi-optical analysis of ASTE 900-GHz optics (all distances in mm)

Design | 881.3 GHz | 906.8 GHz | 925 GHz | 944 GHz

Horn side aperture 35
Horn slant angle (°) 7.64°
Horn waist radius 1.000 0.984 0.973 0.961
Distance from waist to horn aperture 10.456 10.717 10.897 11.080
Distance from horn to ellipsoidal mirror | 48.699
Beam size at ellipsoidal mirror 6.483 6.431 6.396 6.361

Beam input radius of curvature at
L . 60.597 60.840 61.006 61.175
ellipsoidal mirror

Ellipsoidal mirror focal length 48.284

Beam output radius of curvature at
L . -237.621 -233.959 | -231.525 | -229.131
ellipsoidal mirror

Final waist radius 3.385 3.290 3.225 3.160
Distance ellipsoidal mirror-waist 172.848 172.735 172.660 172.586
Distance ellipsoidal mirror-
. 186.649
cryostat window
Beam size at window 3.414 3.320 3.256 3.192
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The optics under study has been analyzed by the Physical Optics (PO) software GRASP [72]. The
beam truncation in the infrared filters and cryostat window has also been considered. Electric fields
have been calculated at the theoretical beam waist location at 900 GHz (172.767 mm from
ellipsoidal mirror) and at a plane at a distance of 165 mm from that waist position, which is close to
the measurement plane in the performed experiments. Cross-polarization patterns have also been
calculated. For the study of cross-polarization, two situations have been considered to model the
frequency separation wire grid in the RF path: a perfect wire grid and a flat mirror. The actual cross-
polarization of the receiver must be between those two values, depending on the quality of the wire
grid. The schematic of the simulation setup in GRASP is shown in figure 4.4.

Measurement
plane
Beam Cryostat
window
65 mm

Diagonal

horn
Wire grid/
Flat mirror

Figure 4.4. Schematic of the GRASP simulation of the optics

The results of the PO calculations have been fitted by fundamental Gaussian beams in order to be
compared with the ideal quasi-optical design. Results of the fundamental Gaussian beam fitting and
cross-polarization at the two planes under consideration are shown in table 4.2. These results are in
good agreement with the quasi-optical analysis results in table 4.1. As expected, the shapes of the
beams are similar at all frequencies. As an example, the beams at 906.8 GHz at the waist position
and in the measurement plane are presented in figures 4.5 and 4.6, respectively.

Table 4.2. Gaussian beam fitting of PO results

At waist, 172.767 mm from mirror At meas. plane, 165 mm from waist
Frequency (GHz) 881.3 | 906.8 | 925.0 | 944.0 881.3 906.8 925.0 944.0
Gaussicity (%) 94.529 | 94.476 | 94.442 | 94.410 | 94.164 | 94.132 | 94.115 | 94.097

Waist size in x (mm) 3.388 | 3.293 | 3.229 | 3.164 3.388 3.293 3.229 3.164

Waist size in y (mm) 3.382 | 3.286 | 3.221 | 3.156 3.382 3.286 3.221 3.156

Defocus (mm) 2.561 | 2.536 | 2.519 | 2.502 | 162.384 | 162.409 | 162.426 | 126.443
Offset in x (mm) 0.000 | 0.000 | 0.000 | 0.000 0.000 0.000 0.000 0.000
Offset in y (mm) 0.005 | 0.009 | 0.012 | 0.014 0.103 0.111 0.116 0.121

Tilt in x (deg) 0.000 | 0.000 | 0.000 | 0.000 0.000 0.000 0.000 0.000

Tiltiny (deg) 0.034 | 0.035 | 0.036 | 0.037 0.034 0.035 0.036 0.037

Cross-Pol wire grid (dB) | -35.22 | -35.15 | -35.10 | -35.05 | -34.86 -34.69 -34.57 -34.43

Cross-Pol flat mirror (dB) | -15.02 | -15.06 | -15.11 | -15.17 | -12.74 -12.62 -12.54 -12.46
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Figure 4.5. Physical optics beam pattern results at the waist plane at 906.7 GHz
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Figure 4.6. Physical optics beam pattern results at 165mm from waist plane at 906.7 GHz

4.2.2. Measurement characterization

The corrugated horn and the HEB mixer waveguide block are built together and cannot be
separated. Consequently, room temperature measurements are not possible and the ASTE receiver
optics must be cooled down to 4 K for its characterization using the HEB mixer to down-convert the
RF signal. Mechanical 3D measurements of the cartridge were performed to guarantee that it was
compatible in terms of size with the ALMA band 10 test cryostat. After size compatibility was
confirmed, new cryostat beam ports and shields at the 110 K and 15 K stages were manufactured
and installed in the ALMA band 10 cryostat. These parts were necessary to provide a way out of the
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cryostat for the beam. These are different from the parts used for ALMA band 10, because the
optical path positions of both receivers are different with respect to the cryostat axis and beams
emerge from different positions [58]. ALMA band 10 Infrared filters [65] were used at the 15K and
110 K shields and a 12 micron thick Kapton film was used as cryostat window. As explained before,
the coupling of the LO and RF signals was initially done by means of a wire grid. The wire grid frame
was mounted on the cryostat window and it was carefully designed in order to not truncate the
beam. The wires in the grid were tilted 12 degrees in order to couple both signals with the same
polarization. The LO source was attached to the measurement system support structure and
carefully positioned by position screws in order to provide appropriate pumping of the HEB mixer.
The output power of the LO source was adjusted using an attenuator in order to provide appropriate
pumping to the HEB mixer. Later on, in order to measure cross-polarization patterns, the wire grid
for RF-LO coupling was changed by an 8.5 micron thick Kapton film. Both coupling methods are
presented in figure 4.7. The first measurements of the receiver beam patterns probed that the LO
pumping of the HEB device was stable enough for this test in spite of the 1 Hz mechanical vibration
of the cold head of the cryostat. The LO coupling provided by each coupling scheme can be
calculated easily using standard techniques. In the case of wire grid coupling, the grid is rotated 12
degrees with respect to the horizontal and the vertical E-field is reflected and injected into the
receiver. That means the coupling in dB is:

Wire grid Coupling = 20log;,(sin 12°) = —13.64 dB (4.1)

In the case of the Kapton film coupling, the coupling can be calculated using a simple lossless
transmission line equivalent circuit. The coupling is just the reflection coefficient at the input of a
short waveguide with characteristic impedance equal to 120m/sqrt(Dielectric constant) Ohm loaded
by the free space impedance, 120t Ohm. After some manipulations, the coupling can be expressed
in terms of the Kapton film thickness t and relative dielectric constant € as stated in equation (4.2):

_ 2

Kapton film Coupling = 10log;, 46(1 £) (4.2)
: sz—(1+s)2

an®==

Considering €=3.4 [99], the result for Kapton film thicknesses of 8.5, 12 and 25 microns is -19.72
dB, -16.81 dB and -10.95 dB. In the case of this experiment, since thinner films generate less cross-
polarization, the 8.5 micron film was chosen and the attenuation of the LO source output was
reduced a few dB to provide a similar LO power at the HEB mixer.

The measurement system block diagram is presented in figure 4.8. It is based on the ALMA band
10 room temperature measurement setup [58] with some important modifications to adapt it to the
IF frequencies of the HEB mixer, which are around 1 GHz instead of in the 4-12 GHz frequency range
for ALMA band 10. Using this setup, amplitude and phase of the signal can be measured.

By changing the position of the RF probe horn using a XYZ0 stage, the near field patterns can be
measured as explained in [100]. A 10-MHz frequency reference is used as the phase reference for
the generation of the LO, RF and auxiliary signals and for the vector voltmeter. The RF signal is
generated by a Gunn diode locked in phase with the frequency standard and the LO signal, and a
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chain of multipliers. The RF signal is then radiated by an open-ended WR-1.2 rectangular waveguide
and detected by the receiver. The frequencies of the LO and RF are chosen to be 1.08 GHz apart in
order to get that output frequency from the HEB mixer. This receiver output signal is further down-
converted to a final IF frequency of 120 MHz. This signal is amplified and then, its magnitude and
phase are measured by the vector voltmeter. The measurement set-up transmitter is located on a
XYZ0 positioning stage, which allows changing the relative position between the probe horn and the
cryostat. Careful alignment and planarity between the transmitter and the receiver is achieved by
using a theodolite and mirrors and alignment marks in both transmitter and cryostat front plate.
Afterwards, near-fields are measured with the transmitter at different positions in an XY plane in
front of the optics, and the data is processed by fundamental Gaussian beam fitting and far-field

calculations.

Y )
Figure 4.7. Coupling of the signals coming from the RF source (up) and the LO source (down) using a
wire grid (photograph on the left) and a thin Kapton film (photograph on the right)
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Figure 4.8. Block diagram of the measurement setup for the HEB-mixer receiver

Measurements of co- and cross-polarization beam patterns of the receiver were performed at 4
different frequencies within the RF bandwidth of the receiver. Results are shown in figure 4.9. Three
of the chosen frequencies are of interest for astronomy (881.3, 906.8 and 944 GHz), whereas the
other one (925 GHz) was chosen to provide a good sampling of the RF bandwidth. Co-polarization
patterns using wire grid and Kapton film coupling were similar. Cross-polarization patterns using
Kapton film coupling could be measured properly and cross-polarization levels with respect to the
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maximum value of co-polarization could be calculated except at 906.8 GHz. At this frequency, the
measured reference co-polarization pattern saturated and was unusable as a reference. Results of
Gaussian beam fitting of the measured beams and cross-polarization levels are presented in table
4.3. Contrary to expectations, measured patterns are quite different from simulations.
Measurements have a lower Gaussicity than expected, which is mainly due to a quite flat beam in
the boresight direction. In addition, the beams are asymmetric and waist sizes are quite different
from the design values at all frequencies. Beams are also tilted, with angles of almost 0.5 degrees in
the X coordinate, which is the most sensitive to tolerances. Finally, the distance between the focal
plane and the measurement plane changes much and has strong frequency dependence. Far-field
patterns can be easily calculated from the measured data using Fourier transformation. Far-field
patterns are presented in figure 4.10.
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Figure 4.9. Measurements of co- and cross-polarization patterns of the 900-GHz HEB receiver
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Table 4.3. Results of fundamental Gaussian beam fitting and cross-polarization levels

Frequency (GHz) 881.3 906.8 925.0 944.0
Gaussicity (%) 90.418 | 89.471 | 90.574 | 88.495
Waist size in x (mm) 2.755 2.650 2.591 2.405
Waist size in y (mm) 3.072 3.149 3.093 2.815
Distance to focus (mm) | 145.329 | 142.338 | 123.360 | 134.742
Tilt in x (deg) 0.497 0.458 0.469 0.450
Tiltiny (deg) -0.084 -0.105 -0.104 -0.120
Cross-Polarization (dB) | -13.05 -18.91 -11.24
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Figure 4.10. Far-field co- and cross-polarization patterns of the 900-GHz HEB receiver

The low aperture efficiency of the measured beams means that longer times are required for a
certain observation quality. Besides this, the asymmetrical beam shape may produce distortion in
the observations. Therefore, it is important to find the causes of these degradations in order to
improve the receiver and its observation capabilities. This will be done in chapter 5.
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4.3.ALMA Band 10 Tertiary Optics

4.3.1. Optical design

ALMA band 10 covers the frequency range from 787 GHz to 950 GHz, which is a 19% bandwidth
at the central frequency of 868 GHz. The receiver is a dual linear polarization receiver which uses
Double-Side Band (DSB) SIS mixers for down-conversion to a 4-12 GHz IF bandwidth [89]. The
receiver cold optics is the element used to couple the radiation coming from the secondary mirror of
the ALMA antennas into the SIS mixer blocks. All the receiver optics is located at the 4K stage of the
receiver cryo-cooler and must be compact enough to fit in that limited space. ALMA band 10 tertiary
optics is composed of two ellipsoidal mirrors, M1 and M2, a wire grid and two corrugated horns. The
ellipsoidal mirrors have been designed to maximize antenna efficiency with independency of the
frequency over the whole ALMA band 10 bandwidth. The size of the mirrors has been chosen at
least 5 times the beam size to guarantee low internal spillover loss. The mirrors must also provide a
pointing angle of 0.974 degrees in azimuth to point at the center of the secondary mirror from the
band 10 cartridge position in the telescope cryostat [101]. The wire grid is composed of 10-um-
diameter tungsten wires separated 25 um from each other. This separation is about A/14 at the
central frequency and smaller than A/12.5 at the worst case frequency (950 GHz). The wire grid is
used to separate both linear polarizations, PO and P1, and it is located after the two ellipsoidal
mirrors to minimize the number of optical components required. The incoming radiation is finally
coupled by means of corrugated horns to the mixer blocks for down-conversion of each polarization.
The use of corrugated horns guarantees a quite symmetric beam with 98% of the power coupled to
a fundamental Gaussian beam. This makes it possible to use simple ABCD matrices methods for the
initial design. Moreover, corrugated horns provide low levels of cross-polarization, which is helpful
to meet ALMA band 10 cross-polarization requirements (-23 dB). A simple diagram of the cold optics
is presented in figure 4.11.
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Figure 4.11. Schematic of ALMA band 10 optics

Band 10 optics has been designed using fundamental Gaussian beam techniques and ABCD
matrices. Afterwards, a more rigorous analysis using the Physical Optics (PO) software GRASP has
been carried out to confirm the validity of the design when higher order Gaussian modes are
considered. PO also provides a good first estimation of the cross-polarization level of the optics.
Finally, the optics has been characterized as part of ALMA band 10 prototype cartridges with
excellent performance.
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The high coupling efficiency of corrugated horns to a fundamental Gaussian beam justifies the
use of quasi-optical techniques for the design of this optical system. The system performance will
depend on the horn aperture diameter and slant angle, the distances between elements and the
radii of curvature of ellipsoidal mirrors. The use of ABCD matrix techniques provides a good estimate
for the characterization of beam size and radius of curvature at different positions of the optical
system. The results of the quasi-optical design for ALMA band 10 receiver optics are presented in
table 4.4. Dimensions in table 4.4 are given at room temperature, whereas the dimensions used for
the analysis are those at 4 K. The quasi-optical analysis yields a theoretical Edge Taper of 12.07 dB at
all band 10 frequencies, which agrees with the typical design value of 12 dB edge taper at the
subreflector [102]. Therefore, the design values stated in table 4.4 provide frequency independent
optics with optimal aperture efficiency at the subreflector for ALMA band 10.

Table 4.4. Results of quasi-optical design of ALMA band 10 optics in mm

Design 787 GHz 868 GHz 950 GHz
Horn diameter 6.000
Horn slant angle (°) 11°
Horn waist 0.878 0.812 0.753
Distance waist to horn aperture 12.391 12.869 13.260
Distance horn to wire grid (WG) 15.000
Beam size at WG 3.874 3.853 3.837
Distance wire grid to mirror M1 30.000
Beam radius at M1 7.946 7.856 7.787
Beam input radius of curvature at M1 57.920 58.313 58.628
M1 Focal length 22.262
Beam output radius of curvature at M1 -35.927 -35.777 -35.659
Distance btw mirrors 80.044
Waist btw mirrors 0.547 0.500 0.459
Distance M1-waist 35.756 35.633 35.535
Beam radius at M2 9.763 9.714 9.677
Beam input radius of curvature at M2 44.108 44.210 44.290
M2 Focal length 35.810
Beam output radius of curvature at M2 -186.398 | -184.590 | -183.210
Final waist 2.253 2.042 1.866
Distance M2-waist 176.475 176.431 176.398
Distance M2 to cryostat window 205.000
Beam radius at window 2.726 2.557 2.222
Distance cryostat window to subreflector | 5883.000
Beam radius at subrefl. 318.187 318.187 318.187
Radius of subreflector 375.000
Edge taper (dB) 12.07dB | 12.07dB | 12.07dB

The corrugated horns to be used in ALMA band 10 receivers have an aperture diameter of 6 mm
and a slant angle of 11 degrees at room temperature. The total length of the horn is 17.6 mm
including a 3.128-mm-long impedance-matching section to a WR-1.2 rectangular waveguide. The
corrugated section has a total of 134 corrugation of 54-um length, which is around A/6.4 at the
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design frequency of 868 GHz. The corrugation depth varies from 127 to 83 um. The performance of
such a corrugated horn has been simulated using the commercial software CHAMP [103]. The
impedance-matching section was designed using the finite-elements software HFSS [104]. The
simulated fields of the corrugated horn with dimensions shrunk by a factor 1.004 to simulate
operation at 4 K temperature are presented in figure 4.12. The theoretical cross-polarization level is
less than -40 dB for the whole frequency band and it goes down at higher frequencies. Fundamental
Gaussian beam fitting has been performed for the simulated fields. The results are presented in
table 4.5. The beam is almost perfectly symmetric and 98.8% of the radiated e-fields couple to a
fundamental Gaussian beam, which is comparable to the theoretical 99% coupling. The corrugated
horn waist size is slightly smaller than the value considered in table 4.4 at the lower frequencies but
results fit perfectly at 950 GHz. The waist position is slightly deeper within the horn than in the
quasi-optical analysis.

——CoP 787 GHz
| =—-XsP 787 GHz [
|——CoP 868 GHz | |
——-XsP 868 GHz

CoP 950 GHz |1
XsP 950 GHz

Magnitude in dB

theta (deg) at phi = 45deg
Figure 4.12. Far Field radiation patterns of corrugated horns at three ALMA band 10 frequencies

Table 4.5. Gaussian Beam fitting of the simulated fields of ALMA band 10 corrugated horns

RF frequency 787 GHz 868 GHz 950 GHz
Gaussicity (%) 98.77 98.70 98.85
wOx (mm) 0.869 0.802 0.756
w0y (mm) 0.871 0.806 0.753
Horn waist to horn aperture (mm) 12.825 13.280 13.755

The corrugated horn far fields previously calculated have been used as feed input for a physical
optics model of the receiver optics with the commercial software GRASP. In this model, the effects
of truncation in the windows between the different stages of the cryostat and at the cryostat top
have been considered. The model used in GRASP is depicted in figure 4.13.

Using this model, the electric fields in a plane at the waist position have been calculated. An
example of these results is presented in figure 4.14. The frequency dependence of the simulated
fields in the optics focal plane is shown in figure 4.15. Fundamental Gaussian beam fitting has been
performed on the fields simulated at the optics focal plane for both polarizations, PO and P1. The
results are presented in table 4.6. Simulated cross-polarization levels have also been included and
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are always

better than -34 dB. The waist sizes are slightly larger than those calculated using quasi-

optical techniques, and the beam is slightly asymmetric. The waist position is slightly different too,

which can be explained by the different waist position in the simulated corrugated horns.
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Figure 4.13. GRASP model for ALMA band 10 optics
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Figure 4.14. Simulated co- and cross-polar electric fields at the optics waist plane at 868 GHz
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Figure 4.15. Frequency dependence of co-/cross-polarization fields at the optics focal plane for P1
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Table 4.6. Fundamental Gaussian beam fitting of the fields simulated in the optics focal plane

RF Frequency 787 GHz 868 GHz 950 GHz
Polarization PO P1 PO P1 PO P1
Gaussicity (%) 98.142 | 98.134 | 98.153 | 98.171 | 98.225 | 98.221
wOx (mm) 2.293 2.264 2.067 2.055 1.876 1.893
w0y (mm) 2.264 2.290 2.055 2.065 1.893 1.874
z_from_waist (mm) | -0.909 -0.862 -0.690 -0.645 0.411 0.453
X Offset (mm) 0.014 0.014 0.009 0.008 0.004 0.004
Y Offset (mm) 0.033 0.000 0.027 0.000 0.023 0.000
XTilt (deg) 0.977 0.978 0.974 0.975 0.970 0.972
YTilt (deg) 0.010 0.000 0.009 0.000 0.008 0.000
Cross-pol level (dB) -35.77 -34.22 -36.21 -35.65 -36.38 -36.38

The fields at the secondary aperture plane, located at 5883 mm from the waist position, have
also been calculated using Physical Optics simulations. The magnitude of the field at the edge of the
secondary mirror (- edge taper) along the subreflector aperture for both polarizations and at several
frequencies is presented in figure 4.16. The values of the edge taper for all cases are 1-2 dB smaller
than the value of 12.07 dB obtained from the initial quasi-optical analysis. This is because the
contribution of the higher order modes is a widening of the beam in the far field.
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Figure 4.16. -Edge Taper in dB at the rim of the subreflector aperture

In order to calculate the exact aperture efficiency at the subreflector, the far fields of ALMA band
10 optics have been calculated from the near field results at the waist plane. Cuts of the calculated
far fields at 868 GHz are shown in figure 4.17 for both polarizations. Figure 4.17 shows that the fields
for PO and P1 are very similar. All secondary lobes are below -30 dB and the cross-polarization is
slightly lower than -35 dB. The frequency dependence of the far-fields for polarization P1 is shown in
figure 4.18. Figure 4.18 shows that according to PO simulations, ALMA band 10 optics far fields are
quite independent from frequency. Results are similar for polarization PO.

An exhaustive efficiency analysis has been carried out using the calculated far fields. The beam
phase centers have also been obtained and the beam squint between polarizations has been
calculated. Results are presented in table 4.7. The aperture efficiency at secondary aperture is
around 87% and the beam squint is less than 1% of the full-width of the beam at half maximum

76



(FWHM). The average edge taper using far field calculations is around 10.2 dB, which is almost 2 dB
less than in the quasi-optical analysis.
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Figure 4.17. ALMA band 10 Far Fields at 868 GHz for both linear polarizations, PO and P1
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Table 4.7. Efficiency analysis and beam-squint of ALMA band 10 optics using PO simulations

RF Frequency 787 GHz 868 GHz 950 GHz
Polarization PO P1 PO P1 PO P1
Edge taper (dB) 10.31 10.26 10.15 10.11 10.18 10.17
Taper eff. (%) 90.88 90.94 91.01 91.06 90.87 90.91
Spillover eff. (%) 95.70 95.69 95.59 95.57 95.51 95.50
Polarization eff. (%) 99.97 99.96 99.97 99.97 99.98 99.97
Defocus eff. (%) 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
Aperture eff. (%) 86.94 86.97 86.97 87.00 86.76 86.78
Offset in x (mm) 0.041 0.037 0.032 0.028 0.017 0.021
Offset iny (mm) -0.032 0.000 -0.027 0.000 -0.024 0.000
Offset in z (mm) 1.421 1.363 1.265 1.186 -0.057 -0.259
Beam squint (% FWHM) 0.92 0.85 0.83
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4.3.2. Measurement characterization

Two measurements setups are being used for the characterization of ALMA band 10 optics: a
setup at room temperature with a Schottky-diode based receiver and a setup at cryogenic
temperature to characterize real band 10 cartridges. In addition, the radiation patterns of the probe
horn used in these setups have been measured and utilized to provide probe compensation as
explained in Appendix A. Finally, the probe horn displacement in the XY plane that occurs when the
probe horn is rotated 90 degrees has been characterized in order to provide accurate beam squint
results.

4.3.2.1. Room temperature setup

Measurements at room temperature are a necessary first step for characterization of individual
ALMA band 10 optical components. In the case of cryogenic measurements, the focal plane of the
optics is located within the cryostat and it is not possible to take planar measurements at that point.
At room temperature, that measurement plane is readily accessible. Additionally, at this plane, it is
where the beam is the narrowest. Therefore, the area in the near-field measurement plane which
needs to be sampled is the smallest and the measurement time is reduced dramatically. ALMA band
10 SIS mixers cannot be used at room temperature and, therefore, commercially available VDI
Schottky-diode receivers [88] are being used instead. The bandwidth of the utilized room-
temperature receiver used for the ALMA band 10 prototype characterization ranges from 840 to 893
GHz. Therefore, three frequencies were chosen for room-temperature characterization of
components: 840, 864 and 893 GHz. Currently, some new VDI receivers which cover the full ALMA
band 10 bandwidth are being used in the laboratory, and therefore, the new characterization
frequencies are 787, 864 and 945 GHz.

A custom sub-mm network vector analyzer was designed to perform these room-temperature
measurements. This measurement system at room temperature is presented in figure 4.19 and
based on [105]. The measurement system presented in 4.2.2 is based on this one. The differences
between them are related to the receivers. This receiver can produce an IF frequency which can be
directly measured by the volt meter. That fact simplifies the system. The IF frequency is 90 MHz in
this test setup. In this case the alighment between the XYZ8 stage and the OUT (Optics Under Test) is
done using a theodolite and small alignment mirrors on the support structures of the RF probe and
the OUT.

Frequency
Reference -
(10 MHz) —»  LO Signal v
Generator
v PLL
onxzBstage Ll T,
10dB Coupl ' X6 §
ouper ! Probe

' H-Mix
Vector Y ! Horn v

1

]

Voltmeter ‘ X6 ‘ Am ‘ %9 ‘ Mix / D{ %39 Coupler Gunn
P (R— .'/.—

1
‘ ouT ittt ittt
Amp 4

Figure 4.19. Test set-up for beam characterization of ALMA band 10 optics at room temperature
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4.3.2.2. Cryogenic temperature setup

The measurement system for the characterization of ALMA band 10 tertiary optics at cryogenic

operation is based on the custom network analyzer presented in figure 4.19 with slight modifications
in order to use ALMA band 10 SIS mixers. Details are presented in figure 4.20. In this case, the IF
frequencies produced by the receiver can only be in the range 4-12 GHz. Therefore, a second down-
conversion to MHz frequencies is necessary. The final IF frequency is 50 MHz. The receiver output IF

frequency is 4.95 GHz.
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Figure 4.20. Test setup for beam characterization of ALMA band 10 cartridge in the test cryostat

4.3.2.3. Design verification by measurements

Photographs of prototype ALMA band 10 components are presented in figure 4.21. Photos of the
assembled ALMA band 10 optics where the ellipsoidal mirrors, corrugated horns and wire grid are
easily identifiable are shown in figure 4.22.

Figure 4.21. From left to right: corrugated horn, ellipsoidal mirrors and wire grid.
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Figure 4.22. Assembled ALMA band 10 optics from different angles.

The results for an optical setup using typical ellipsoidal mirrors, wire grid and corrugated horns
are presented in table 4.8 and figure 4.23. Table 4.8 shows the results of fitting the measured near-
field beams with fundamental Gaussian beams. Results of Physical Optics simulations using GRASP
are included for comparison. In the case of these measurements, the beams are slightly narrower
than predicted by simulations. This means the actual far-field beams will be slightly wider. The rest
of beam-fitting parameters are pretty similar to simulations. With respect to cross-polarization, the
higher the frequency, the higher the cross-polarization level measured. Besides, values are slightly
larger than for ideal simulations. Figure 4.23 shows the principal-plane cuts of the measured co- and
cross-polarization near-fields at the RF frequencies of study. Physical Optics simulations have been

included in the same figures for comparison. Results are very similar in all cases. Notice that
simulated cross-polarization along x is 0 V/m and does not appear in figure 4.23.

Table 4.8. Gaussian beam fitting of room-temperature measurements

and comparison with simulations

840 GHz 864 GHz 893 GHz
Simulated | Measured | Simulated | Measured | Simulated | Measured

Gaussicity (%) 98.148 98.175 98.141 98.230 98.144 98.318
wOx (mm) 2.149 2.103 2.083 2.047 2.012 1.963
w0y (mm) 2.132 2.098 2.072 2.050 2.005 1.988
z_from_waist (mm) 1.545 1.632 1.316 1.316 1.532 1.844
XTilt (deg) 0.000 0.044 0.000 0.039 0.000 0.002
YTilt (deg) 0.977 0.986 0.976 0.972 0.975 0.966
Cross-pol level (dB) -35.18 -34.39 -35.63 -31.70 -35.97 -30.92
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Figure 4.23. Principal-plane cuts of measured and simulated near-fields at different frequencies

4.3.2.4. ALMA band 10 prototype optical performance

Photos of ALMA band 10 tertiary optics in two different pre-production ALMA band 10 cartridges

are presented in figure 4.24.

Figure 4.24. ALMA band 10 tertiary optics on two pre-production cartridges
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The results of near-field measurements at ALMA band 10 lowest, middle and highest RF
frequencies are presented in table 4.9. No infrared filters have been used between cryostat stages in
these measurements in order to characterize the optics only. The waist sizes and tilt angles are quite
close to those obtained by PO simulations. The differences are mostly due to tolerances in the
fabrication and assembly of corrugated horns and ellipsoidal mirrors. Cross-polarization levels are
better than -28 dB at all cases. ALMA requirement is -23 dB. Table 4.10 shows the efficiency analysis
of the calculated far fields. The far-field beam is slightly narrower than predicted by simulations at
787 and 868 GHz, whereas it is slightly wider at 945 GHz. The total aperture efficiency at the
secondary mirror of the telescope is better than 85.7% and in some cases, close to the simulated
values of around 87%. This is much better than the 80% efficiency required for ALMA. The beam
squint in the sky is better than 4.25% of the 3dB beam-width, whereas ALMA requirement is 10%.

Table 4.9. Fundamental Gaussian beam fitting of measured near fields at cryogenic temperatures

RF Frequency (GHz) 787 868 945
Polarization PO P1 PO P1 PO P1
Gaussicity (%) 97.759 | 98.280 | 98.099 | 98.416 | 97.827 | 97.255
wOx (mm) 2.254 2.245 2.034 2.037 1.843 1.818
wOy (mm) 2.232 2.312 2.046 2.066 1.862 1.837
z_from_waist (mm) | 0.945 0.893 0.937 0.938 0.871 0.984
XTilt (deg) -0.038 | -0.074 | -0.071 | -0.110 | -0.036 | -0.055
YTilt (deg) -29.22 | -31.17 | -29.57 | -30.44 | -30.21 | -28.37

Table 4.10. Efficiency analysis and beam-squint of ALMA band 10 prototype optics measurements

RF Frequency (GHz) 787 868 945
Polarization PO P1 PO P1 PO P1
Edge taper (dB) 10.52 | 11.03 | 10.16 | 10.68 | 9.68 9.26
Taper eff (%) 91.33 | 90.15 | 91.06 | 90.30 | 91.91 | 92.74
Spillover eff (%) 94,98 | 95.46 | 94.94 | 95.14 | 94.72 | 94.16
Polarization eff on sec (%) | 99.84 | 99.89 | 99.87 | 99.87 | 99.85 | 99.83
Defocus Eff (%) 100.00 99.99 99.98
Aperture eff (%) 86.34 | 85.78 | 86.14 | 85.70 | 86.82 | 86.96
Beam Squint (%) 4.25 2.51 2.45

The main-plane cuts of the far-fields at different frequencies are presented in figure 4.25. The
beam-patterns are mostly frequency independent in the area which illuminates the secondary
mirror. It has been found that the main beam presents some minor ripples in some cases. This is due
to the IR filters, as it will be explained in chapter 6. Figure 4.26 shows the agreement between the
far-fields obtained by measurements and by simulations.
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Chapter 5

Tolerance Analysis using Physical
Optics and Monte Carlo Techniques

5.1. Introduction

As frequency approaches frequencies around 1 THz, the size of horns and waveguide components
is reduced. Some components base their performance on small features which become tiny at these
frequencies. Corrugated horns are a good example of this. Corrugated horns are widely used as
feeds at mm and sub-mm wave frequencies. Two of the main reasons for this are the low cross-
polarization levels which can be achieved, and the good coupling of the radiated E-fields to a
fundamental Gaussian mode, which facilitates the design of systems using quasi-optical techniques.
At THz frequencies, the main technical difficulty for the use of corrugated horns is the tiny
dimensions to be fabricated. In the case of ALMA band 10, the size of corrugations is as small as 54
microns. Therefore, the fabrication tolerances which can be achieved with usual milling and
electroforming techniques are comparable to the dimensions to be manufactured. In addition to
fabrication errors, assembly errors can also be important in the case of optical systems composed of
several components. The combined effect of all these potential errors can degrade the performance
significantly and impact on astronomical observations. In this case, a statistical analysis of the
performance of corrugated horns or full optical systems in terms of tolerances becomes very
important and can reveal unexpected results. Besides, it is useful in order to fully understand the
potential and limitations of our receiver and how that translates into astronomical observation
capability.

To the author’s knowledge, there are not many references in the literature dealing with the
analysis of tolerances in optics designs at around THz frequencies. Most of these references [106]-
[107] use ray tracing techniques usually used at higher frequencies. At THz frequencies, these
analyses can be a good starting point to understand the effect of tolerances on some parameters
such as pointing angles, but neglect the phase and diffraction effects associated with radiation in the
THz range, in which the wavelength is comparable to the components size. Careful electromagnetic
characterization using Method-of-Moments analysis for the corrugated horns and Physical Optics
simulations for the whole optics system can provide additional information to assess the effect of
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tolerances. Once beams are calculated with these techniques, Gaussian beam fitting provides a
useful tool to quantify the characteristics of the beam such as beam size, position or pointing angles.
The use of this fitting analysis is justified by the high Gaussicity of beams of typical well-designed
receiver optics at these frequencies.

Monte Carlo analyses [108] are a useful way to investigate the effects of tolerances on
performance and to assess the robustness of designs. Monte Carlo analyses have been preferred in
this study over other tolerance analyses such as worst-case (WC) or root-mean-square (RMS)
analyses for several reasons. WC analyses analyze the worst possible cases, which are not usually
found with real components, especially when a large number of variables are involved. Therefore,
those methods are too pessimistic. RMS analyses overcome this limitation and provide results closer
to expectations, but unlike Monte Carlo analyses, they cannot provide more information about the
statistics of the final performances. This information, which can be provided by Monte Carlo
analyses, gives more insights about the robustness of the design under study. The dimensions of
each element, position and pointing angles can be modeled as Gaussian random variables with mean
equal to the design value and standard deviation related to the fabrication and/or assembly
tolerances. Different random sets of geometrical dimensions can be chosen for different simulations.
Careful electromagnetic characterization using Method-of-Moments analysis for the corrugated
horns and Physical-Optics simulations can then be used to characterize electrical performances. If
the number of simulations with different random sets of dimensions is very high, the statistical
performance of the system can be analyzed in terms of mean values and standard deviations.

In the case of the ALMA band 10 optics, two corrugated horns must be used for each receiver
located in each of the at least 66 antennas [109]-[110] which will compose the ALMA telescope.
Additionally, at least 7 spare receivers will be produced. Therefore, at least 146 corrugated horns
working in the frequency band 787-950 GHz must be manufactured with state-of-the-art
performance to satisfy ALMA requirements. Assembly is also critical for the ALMA band 10 tertiary
optics to point exactly at the reflector antenna secondary. Despite a careful mechanical design has
been performed in order to reduce the impact of assembly tolerances, it is necessary to study the
effect of tolerances in corrugated horns and optics elements assemblies. Firstly, a Monte Carlo
analysis of ALMA band 10 corrugated horns has been performed. Afterwards, the combined effect of
tolerances on horns and other components has been characterized and results have been analyzed.
Finally, measurement results have been used to verify the analyses.

After this investigation, the optics of the HEB receiver developed by Professor Yamamoto’s group
at the University of Tokyo has been analyzed by means of these techniques. As explained in chapter
4, measurement results significantly differed from simulation results. The disagreement between
simulations and measurements has motivated an extensive campaign of Monte Carlo analyses to
find out the cause of such a difference in results. Monte Carlo analyses have considered fabrication
and assembly tolerances in all components in the RF chain, as well as some non-expected fabrication
errors. This strategy has allowed determining what component is degrading the overall optics
performance. In short, the use of all available analyses techniques together with measurements has
allowed singling out an underperforming element in an astronomical receiver. The change of this
component is expected to improve the optical efficiency and enhance astronomical observations.
These ideas can be of interest for any quasi-optical receiver at THz frequencies.
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5.2. ALMA Band 10 Tolerance Analysis

5.2.1. Corrugated horn tolerance analysis

In terms of manufacturing processes, electroforming of copper with gold plating, and direct
milling on aluminum have been considered for ALMA band 10 corrugated horns. A large flange and
alignment pins have been used to guarantee good alignment with respect to other optics parts, as
shown in figure 5.1. The number of corrugations is 134, with 54 um width and variable depth. A 5-
pum fabrication tolerance, which is difficult to achieve in practice, means a 10% error in the
corrugation width, which can potentially degrade the horn performance. The considered tolerances
for the different horn dimensions are shown in table 5.1. The real fabrication tolerance which can be
achieved for corrugation features is unknown. Mechanical measurements of the mandrels used for
electroforming showed that this tolerance is probably between 5 and 10 um.

17.6:0
5.2 800

l_ EERE
(=

= = sz
w = R =3 B e —
22| =3 8| 5| &

-
[ Jo.002[c}— [T Jo.002]c]
4 0.2 2728

Figure 5.1. ALMA Band 10 Corrugated Horn

Table 5.1. Tolerances for Monte Carlo Analysis of corrugated horns

Nominal Value Manufacturing Tolerance
Number of corrugations 134

Inner horn radius 0.187 mm 10 um
Outer horn radius 3mm 20 um

Horn length 14.472 mm 20 um
Corrugation length 0.054 mm 5-10 um
Corrugation depth 0.127,0.108, 0.095, 0.087, 5-10 um

0.083, ..., 0.083 mm

Horns have been simulated using the commercial software TICRA CHAMP [103], based on Mode
Matching and the Method of Moments. The analysis results provided by CHAMP can be expressed in
terms of spherical wave components, which can be input to physical-optics-based software, such as
TICRA GRASP [72]. GRASP is used to calculate the co-polar and cross-polar far fields of the
corrugated horn under study. The results are then fitted by fundamental Gaussian beams and the
cross-polarization level is calculated as the difference between the maximum of the co-polar and
cross-polar field patterns. All these steps must be repeated for each set of corrugated horn random
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geometrical dimensions. Dimensions have been considered to follow Gaussian distributions of mean
value equal to the nominal value and standard deviation equal to one third of the fabrication
tolerance. Additional software has been created in MATLAB [111] to automate this analysis for a
high number of random dimension sets.

The full analysis of each horn takes around 40 minutes. A 4-CPU computer has been used in order
to run 4 analyses in parallel at any time. The total simulation time has been over one month. Two
analyses have been performed, one with fabrication tolerance for small corrugation features equal
to 5 um, and another one with tolerance equal to 10 um. The frequency chosen for the analysis is
868 GHz, ALMA band 10 center frequency. In the case of 5-um tolerance, 2512 corrugated horns
with random dimensions within the expected tolerances were simulated. In the case of 10-um
tolerance, 2067 horns were simulated. The quasi-optical analysis results in terms of mean and
standard deviation for both cases are presented in table 5.2. Co-polar E-fields in the horn aperture
plane (XY plane) are linearly polarized along the x axis.

Table 5.2. Results of Monte Carlo analysis of ALMA band 10 corrugated horns

Tolerance 5 um | Tolerance 10 um
Design | Mean | Std Dev | Mean | Std Dev
Gaussicity (%) 98.70 | 99.55 0.16 99.40 0.36
Waist size along x (mm) 0.806 | 0.826 0.033 0.835 0.062
Waist size along y (mm) 0.802 | 0.821 0.027 0.826 0.049
Distance from waist to horn aperture (mm) | 13.280 | 14.207 | 0.433 | 14.210 | 0.844
Cross-polar level (dB) -47.23 | -34.50 4.12 -29.67 3.80

Some of the results are unexpected and difficult to explain by theory. The average Gaussicity of
non-ideal horns is higher than that of a horn with design dimensions. In addition, the waist size is
larger for non-ideal horns and it increases with tolerance. The position of the waist with respect to
the horn aperture is the same for non-ideal cases and it is almost 1 mm deeper in the horn than in
the ideal case. The cross-polarization level with respect to the co-polar maximum is also noticeably
worse than for the ideal case and it is worse for larger tolerances. Histograms of the parameters
under analysis are presented in figure 5.2. A careful analysis of those histograms reveals that the
changes in the position of the horn waist are very large for larger tolerances. In the case of 5 um
tolerances, the calculated focus position roughly spreads over a 2.5 mm range, whereas for 10 um
tolerances, this becomes almost 5 mm. In the case of the cross-polarization level, the results using
tolerances reveal values closer to measurements and the histograms show that values with cross-
polarization as high as -20 dB (-24 dB) are possible for 10 um (5 um) tolerances. Values of cross-
polarization level as good as the ideal case are also found, but the percentage of occurrence is very
low. As a conclusion, the waist and cross-polarization of THz corrugated horns depend very much
on the ability to accurately manufacture the corrugations, and not only on the design.
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Figure 5.2. Histograms of the Monte Carlo analysis of ALMA band 10 corrugated horns

5.2.2. Optics tolerance analysis

The ALMA band 10 receiver detects two orthogonal linear polarizations in the 787-950 GHz
frequency range. The optics design of the ALMA band 10 receiver was thoroughly described in
chapter 4. However, for the sake of understanding, a photo of a real assembly is presented in figure
5.3. Two ellipsoidal mirrors, M1 and M2, are used to focus the radiation coming from the ALMA
Cassegrain antenna secondary, located 5.883 m above band 10 focus. The focused radiation is then
divided into two linear polarizations, PO and P1, by means of a wire grid and each polarization is then
received by one corrugated horn.

Two different kinds of tolerances have been considered for the statistical analysis of ALMA band
10 optics: fabrication and assembly tolerances. Each component presents some fabrication
tolerances which must be considered. In addition, assembly tolerances in position and angle
alignment must be taken into account. The considered design values and tolerances are presented in
table 5.3 at room temperature. The mechanical design has been carefully performed to minimize
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these tolerances by manufacturing all mirrors in the same aluminum block and by using alignment
pins for the corrugated horns and wire grid box. The statistics of the analysis variables are
considered to follow Gaussian distributions of mean value equal to the nominal design value and
standard deviation equal to one third of the total tolerance. GRASP has been used for Physical Optics
simulations. A large number of simulations with different geometrical values have been run on
GRASP and results have been analyzed using fundamental Gaussian beam techniques and far-field
transformation to calculate illumination efficiencies at the secondary reflector of the ALMA
Cassegrain antennas. The feed inputs for the Physical-Optics model are the results of the corrugated
horn simulations considering fabrication tolerances previously obtained using CHAMP. PO co-polar E-
fields are aligned along the x axis and P1 co-polar E-fields are along the y axis.

E 3

Figure 5.3. Corrugated horns assembled on mirror block

Table 5.3. Tolerances for Monte Carlo analysis of corrugated horns

Nominal Manufacturing | Assembly
Value Tolerance Tolerance
PO Corrugated Horn Position (0,-15,15) mm 20 um 40 um
PO Horn Pointing Angle in Azimuth 90° 1 mrad
PO Horn Pointing Angle in Elevation 0° 1 mrad
P1 Corrugated Horn Position (0,0,0) mm 20 um 40 um
P1 Horn Pointing Angle in Azimuth 0’ 1 mrad
P1 Horn Pointing Angle in Elevation o’ 1 mrad
Grid Pointing Angle in Azimuth 45° 1 mrad
Grid Pointing Angle in Elevation 0° 1 mrad
M1 mirror Position (0,0,45) mm 20 um 40 um
M1 mirror Pointing Angle in Azimuth 22.5° 0.8 mrad
M1 mirror Pointing Angle in Elevation 0° 0.8 mrad
M1 mirror Input Radius of Curvature 58.6 mm 20 um
M1 mirror Output Radius of Curvature 35.9mm 20 um
M2 mirror Position (56.6,0,-11.6) mm 20 um 40 um
M2 mirror Pointing Angle in Azimuth 22.987° 0.8 mrad
M2 mirror Pointing Angle in Elevation 0° 0.8 mrad
M2 mirror Input Radius of Curvature 44.4 mm 20 um
M2 mirror Output Radius of Curvature 185.1 mm 20 um
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Three different Monte Carlo simulations have been performed: a) with nominal-dimensions
corrugated horns, b) with corrugated horns with 5-um corrugation tolerance, c) with corrugated
horns with 10-um corrugation tolerance. The first case is useful to understand the effect of
tolerances in electrical performance with independence of the tolerances in corrugated horns. The
second and third cases should yield results quite close to real ALMA band 10 optics.

During the initial measurement characterization of ALMA band 10 corrugated horns, the wire grid
is not usually used, in order to measure the cross-polarization of the horn itself and not to modify it
by means of the grid. In order to recreate this situation in these Monte Carlo simulations, the effect
of the wire grid has not been considered on polarization P1. Therefore, the results of cross-
polarization for P1 represent the cross-polarization due to horn and mirrors only, whereas the
results of cross-polarization for PO represent the cross-polarization of real ALMA band 10 optics
taking into account the effects of the wire grid. The effects of not considering the wire grid for P1 on
P1 co-polarization pattern are assumed to be minimal.

5.2.2.1. With nominal-dimensions corrugated horns

A total of 3500 simulations have been performed with corrugated horns with design dimensions
and optics with tolerances indicated in table 5.3. The results of Gaussian Beam fitting, cross-
polarization, beam squint and efficiency analysis are reported in table 5.4. The focus offset in table
5.4 refers to the difference in focus position for quasi-optical and Physical-Optics analyses. The
results obtained for the nominal ALMA band 10 design are included for comparison. Gaussicity is
determined only by the corrugated horn and therefore, it is the same as for design dimensions. The
final waist average size is the same as for the design and the standard deviation is very small. The
position of the optical focus is slightly further than for the design and standard deviation is not large.
Pointing angle averages are similar to ideal, with a 0.072 degrees standard deviation. Cross-
polarization and edge-taper average values do not change much. Final efficiencies are degraded only
0.1% in average. Beam squint is also degraded, with an average of 2.60% and standard deviation of
1.31%.

Table 5.4. Results of Monte carlo analysis (3500 sim.) for nominal corrugated horns

Design PO P1
PO P1 Mean | StdDev | Mean | Std Dev
Gaussicity (%) 98.15 98.17 98.15 0.00 98.15 0.00
Waist size in x (mm) 2.067 2.055 2.068 0.007 2.055 0.006
Waist size in y (mm) 2.055 2.065 2.055 0.007 2.065 0.007
Focus offset (mm) 0.690 0.645 0.715 0.359 0.672 0.362

Pointing Angle Azimuth (deg) 0.974 0.975 0.972 0.072 0.974 0.072
Pointing Angle Elevation (deg) | 0.009 0.000 0.005 0.072 0.000 0.069

Near-Field Xs-pol (dB) -36.21 | -35.65 | -36.14 0.12 -35.56 0.08
Edge Taper (dB) 10.15 | 10.11 | 10.19 0.11 10.14 0.11
Taper Efficiency (%) 91.01 91.06 90.93 0.16 90.98 0.16
Spillover Efficiency (%) 95.59 95.57 95.54 0.14 95.53 0.14
Aperture Efficiency (%) 86.97 87.00 86.87 0.13 86.91 0.12
Beam Squint (% FWHM) 0.85 0.85 2.60 1.31 2.60 1.31
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5.2.2.2. Corrugated horns with 5-um corrugation tolerance

A total of 2532 simulations have been performed with corrugated horns with the tolerances
indicated in table 5.1 and small-feature tolerance of 5 um; and mirrors with the tolerances indicated
in table 5.3. The results of Gaussian Beam fitting, cross-polarization, beam squint and efficiency
analysis are reported in table 5.5. The results obtained for the nominal ALMA band 10 design are
included for comparison.

Table 5.5. Results of Monte Carlo analysis (2532 sim.) for corrugated horns with 5 um tolerance

Design PO P1
PO P1 Mean | StdDev | Mean | Std Dev
Gaussicity (%) 98.15 98.17 98.04 0.47 98.04 0.48
Waist size in x (mm) 2.067 2.055 2.074 0.053 2.058 0.041
Waist size in y (mm) 2.055 2.065 2.057 0.041 2.070 0.053
Focus offset (mm) 0.690 0.645 0.996 2.543 0.855 2.561

Pointing Angle Azimuth (deg) 0.974 0.975 0.973 0.072 0.974 0.072
Pointing Angle Elevation (deg) | 0.009 0.000 0.007 0.073 0.000 0.071

Near-Field Xs-pol (dB) -36.21 | -35.65 | -36.12 0.19 -34.50 1.58
Edge Taper (dB) 10.15 10.11 10.29 0.88 10.22 0.88
Taper Efficiency (%) 91.01 91.06 90.77 1.51 90.82 1.52
Spillover Efficiency (%) 95.59 95.57 95.53 0.66 95.51 0.66
Aperture Efficiency (%) 86.97 87.00 86.70 0.97 86.74 0.98
Beam Squint (% FWHM) 0.85 0.85 2.61 1.36 2.61 1.36

Average Gaussicity is slightly degraded, even though the average Gaussicity of horns is larger as
presented in table 5.2, and the standard deviation is larger (0.5%). The average waist size is just
slightly larger, but the standard deviation gets quite large (around 0.05 mm). The average position of
the waist is slightly further away from the optics than for the design case. The standard deviation of
the position of the waist is very large, around 2.5 mm. The pointing angle analysis does not change
with respect to the case of nominal horns. Therefore, corrugated horns do not have an influence on
the pointing angles. Cross-polarization for PO (with wire grid) is almost the same as for nominal
horns. Cross-polarization for P1 (without wire grid) degrades and the standard deviation is large
(1.58 dB). Comparing this to the results in table 5.2, the average cross-polarization for this case is
similar to that of the corrugated horns alone. However, the standard deviation is much smaller than
reported in table 5.2. Edge Taper is slightly lower in average. Final efficiencies do not degrade much
in average and standard deviation is 1 %. Beam squint is the same as for nominal horns as reported
in table 5.4.

5.2.2.3. Corrugated horns with 10-um corrugation tolerance

A total of 2560 simulations have been performed with corrugated horns with the tolerances
indicated in table 5.1 and small-feature tolerance of 10 pum; and mirrors with the tolerances
indicated in table 5.3. The results of Gaussian Beam fitting, cross-polarization, beam squint and
efficiency analysis are reported in table 5.6. The results obtained for the nominal ALMA band 10
design are included for comparison.
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Table 5.6. Results of Monte Carlo analysis (2560 sim.) for corrugated horns with 10 um tolerance

Design PO P1
PO P1 Mean | StdDev | Mean | Std Dev
Gaussicity (%) 98.15 98.17 97.68 1.12 97.78 0.97
Waist size in x (mm) 2.067 2.055 2.076 0.102 2.066 0.078
Waist size in y (mm) 2.055 2.065 2.061 0.081 2.076 0.102
Focus offset (mm) 0.690 0.645 0.353 4991 0.299 5.000

Pointing Angle Azimuth (deg) 0.974 0.975 0.971 0.073 0.973 0.073
Pointing Angle Elevation (deg) | 0.009 0.000 0.006 0.073 0.001 0.069

Near-Field Xs-pol (dB) -36.21 | -35.65 | -36.15 0.30 -32.49 2.54
Edge Taper (dB) 10.15 10.11 10.39 1.65 10.39 1.59
Taper Efficiency (%) 91.01 91.06 90.56 2.86 90.48 2.83
Spillover Efficiency (%) 95.59 95.57 95.42 1.24 95.44 1.20
Aperture Efficiency (%) 86.97 87.00 86.38 1.88 86.32 1.90
Beam Squint (% FWHM) 0.85 0.85 2.63 1.31 2.63 1.31

The results of the Monte Carlo analysis of optics using horns with 10-um small-feature tolerance
are qualitatively similar to those with optics using horns with 5-um small-feature tolerance. The
difference is mainly the larger values of standard deviation on the parameters which depend on
horn tolerance. For example, the focus offset has now a standard deviation of 5 mm, compared to
2.5 mm for 5-um tolerance. Some other average values which are worth pointing out are the
Gaussicity, near-field cross-polarization and aperture efficiency. Gaussicity degrades noticeably for
10-um tolerance (more than 0.4 %). Table 5.2 indicates that Gaussicity for 10-um tolerance horns is
very high. However, when the effect of the non-ideal optics is included, the final Gaussicity degrades
due to reflections in the mirrors. Near-field cross-polarization also degrades to -32.5 dB with 2.5 dB
standard deviation in the case the wire grid is not considered. However, the corresponding value in
table 5.2 was -29.7 dB with 3.8 dB standard deviation. This means the effect of the optics improves
the average slightly and decreases the standard deviation. In the case the wire grid is considered,
the influence of the tolerance of horns is negligible. Finally, the degradation in terms of average
aperture efficiency is 0.6 - 0.7 % (double than with 5-um tolerance) with a standard deviation of
around 2 %.

5.2.2.4. Histograms

A selection of interesting histograms of the three Monte Carlo analysis performed are presented
and compared in figure 5.4 for polarization PO (if not indicated otherwise). These histograms are
useful to visually appreciate the variation of results and what the worst cases are for the performed
simulations. For example, the worst case of aperture efficiency for both polarizations is around 81%,
still within ALMA specifications (>80%). The worst case for cross-polarization level in the near-field is
better than -35 dB for PO (using wire grid) and better than -25 dB for P1 (not using wire grid). As
expected, the use of a polarizing wire grid improves the final optical system cross-polarization,
compared to the corrugated horns performance. Beam squint is also less than 9 % in all cases (ALMA
specification < 10 %) and depends only on the parameters of the optics, not on the horns. These
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results show that for the expected fabrication tolerances, ALMA band 10 optics is compliant with
ALMA requirements. Irregular errors in mirror surfaces and horns, parallelism of the different wires
in the wire grid and other defaults are difficult to model and have not been included in this analysis.
Therefore, an extra slight degradation of performance is to be expected in real optics.

Some other histograms which deserve more comments are the focus offset, waist size and
efficiencies. The focus offset variation is large for non-ideal horns. The position of the focus
considering optics tolerances only is within 2 mm, whereas if horn tolerances are included, that
value increases to around 13 mm for 5 um tolerances, and 25 mm for 10 um tolerances. Therefore,
the spread of the focus position depends mostly on the tolerance of the horn corrugations. The
effect of the increase of tolerances is an increase of the range of possible values for the focus offset.
The previous comments also apply to the waist size. The spread of values of the waist size is the
main reason of illumination efficiency degradation when non-ideal horns are considered. For ideal
horns, the taper and spill-over efficiency values are within a 1 % range. This value dispersion is due
to the pointing angle variation. When the different horn waist sizes and positions are considered, the
effect is a much larger spread of results. In the case horn corrugation tolerances are considered, the
aperture efficiency changes around 5 % and 10 %, for 5 and 10 um tolerances, respectively. These
results highlight again the need for very accurate fabrication of corrugations.
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Figure 5.4. Selection of histograms of Monte Carlo analysis results

5.2.2.5. Analysis of results

Finally, as a summary of results of the Monte Carlo analysis of optics, the dependence of each

parameter on the horns/optics tolerance is analyzed:

e  Gaussicity: it depends on the horn exclusively. Higher horn small-feature tolerance means lower

average Gaussicity.

e  Waist size: it depends on the horn. Optics with ideal horns yield results close to ideal with low

standard deviation. Standard deviation for 10-um horn tolerance is double than for 5-um horn

tolerance. Standard deviation along one plane is larger than along the perpendicular one. This

means the beam symmetry can be easily lost.

e Focus offset: it depends on both optics and horns. The standard deviation is huge and it varies

greatly with the horn tolerance. Offsets of more than 15 mm are possible for the considered

tolerances.

e Pointing angles: they depend on the optics only. The average is close to simulations with design

dimensions.
e  Cross-polarization:

o with wire grid: the degradation due to the optics tolerances is small. The horn tolerance

does not affect the average cross-polarization level but affects the standard deviation of

results.
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o without wire grid: the degradation of cross-polarization is large due to the degradation
of horn cross-polarization. Worse horn tolerances increase the average and the
dispersion of results.

e Edge Taper: the change due to optics tolerances is minimal. Main changes are due to horns
alone. Larger horn tolerances mean larger average Edge Taper and standard deviation.

e Efficiencies: optics tolerances alone do not change efficiencies much overall. Horn tolerance
degrades efficiency more significantly. Taper efficiency is more sensitive than spillover efficiency.

e Beam squint: it depends only on the optics and the average is around 2.6 % for all three cases.

5.2.3. Measurement results

All corrugated horns and mirror blocks for use in ALMA band 10 receivers are characterized at
room temperature. Since the number of horns and mirror blocks needed for all the band 10
receivers is very large, this is an excellent opportunity to validate the previous Monte Carlo analysis
results from a measurement point of view.

Up to 35 different corrugated horns have been manufactured and characterized at room
temperature with similar ellipsoidal mirror blocks. Some of these horns are shown in figure 5.5. The
measurement system is the one presented in chapter 4 for the characterization of horns and optics
at room temperature in the frequency range from 832 to 896 GHz. Near-field measurements near
the optical system focal point of the horns mounted on optics blocks have been fitted with
fundamental Gaussian beams to obtain the values of waist radius and pointing angles for each
particular optical system. These data have been used to calculate the average values and standard
deviation for each parameter. The results of this statistical analysis are presented in table 5.7. The
data obtained from the previous Monte Carlo analyses are also included for comparison.

Values extracted from measurements compare well with Monte Carlo analysis results. Standard
deviations are slightly lower than those from simulations. Cross-polarization is slightly higher for
measurements, but within the ranges presented in previous histograms. Its standard deviation is
between the values of the two Monte Carlo analyses performed. The histogram of measured cross-
polarization levels is presented in figure 5.6. The large dispersion of the data and the peak at around
-32 dB are the most remarkable features.

Figure 5.5. 14 similar corrugated horns at sub-mm frequencies
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Table 5.7. Results of Gaussian beam fitting on measurements of ALMA band 10 optics

At this point, it is interesting to try to calculate the average small-feature tolerance for the
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estimated tolerances using these figures are in the last column of table 5.8.

Table 5.8. Parameters affected by horn tolerance

Ideal | 5um | 10 um | Measured | Tol (um)
Average Gaussicity (%) | 98.15 | 98.04 | 97.78 98.13 1
Gaussicity Std Dev (%) | 0.00 | 0.48 | 0.97 0.16 1.5
Waist in x Std Dev (mm) | 0.006 | 0.041 | 0.078 0.042 4.5
Waist in y Std Dev (mm) | 0.007 | 0.053 | 0.102 0.031 2.5
XsPol Std Dev (dB) 0.08 | 1.58 | 2.54 2.20 8

98

Measurements Simulation 5 um tol | Simulation 10 um tol
Mean Std dev Mean Std dev Mean Std dev
Gaussicity (%) 98.13 0.16 98.04 0.48 97.78 0.97
Waist size in x (mm) 2.077 0.042 2.058 0.041 2.066 0.078
Waist size in y (mm) 2.093 0.031 2.070 0.053 2.076 0.102
Angle Azimuth (deg) 0.918 0.036 0.974 0.072 0.973 0.073
Angle Elevation (deg) 0.096 0.045 0.000 0.071 0.001 0.069
Near-Field Cross-pol (dB) | -30.36 2.20 -34.50 1.58 -32.49 2.54
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3
c 20 8
L
315
8
=
5

characterized corrugated horns using the simulation results. From the analysis in section 5.2.2, the
variables which depend mostly on horn tolerances are the Gaussicity average value and standard
deviation and the waist size and cross-polarization standard deviations. The average cross-
polarization also depends mostly on horns, but it also depends on other fabrication errors difficult to
quantify. Values of these parameters for the simulated and measured cases are presented in table
5.8. The interpolated dependence of the parameters under study on horn tolerance is shown in
figures 5.7 and 5.8. Values of tolerances can be directly read from each of these curves. Results of
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The estimated tolerance is quite different depending on the curve used. The value derived from
cross-polar values is quite high. This is probably due to the extra cross-polarization due to fabrication

defaults difficult to quantify in this analysis. As a conclusion, the corrugated horn fabrication
tolerance must be between 1.5 and 4.5 um.

5.2.4. Statistics of the first 60 ALMA band 10 cartridges

A total of 60 ALMA band 10 receivers have already been produced and tested. Therefore, it is
possible to calculate interesting statistics from their measurement results. Table 5.9 shows the
average values and standard deviations of measured efficiencies for the all the fabricated ALMA
band 10 production receivers. Average values compare well with the calculated values in section
5.2.2. Additionally, standard deviations are about half the value of the calculations for standard
tolerances in the optics and 5 micron tolerances in corrugated horn small features. This means that
the fabrication and assembly tolerances actually achieved in the receivers are better than the
maximum values of tolerances allowed. It is interesting to observe that the approximate proportion
of the standard deviations (aperture : taper : spillover efficiencies) in these measurements is 1: 1.25 :
0.75, whereas it was 1: 1.5: 0.7 for the values calculated in table 5.5. This is quite similar considering
all tolerances and manufacturing errors cannot be modeled.
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Table 5.9. Average values (out of parenthesis) and standard deviation (within parenthesis) of the

measured tolerances for all ALMA band 10 production cartridges up to date

Aperture eff. (%) | Taper eff. (%) | Spillover eff. (%) | Polarization eff. (%)
PO 804 GHz 86.16 (0.59) 91.29 (0.78) 94.70 (0.40) 99.88 (0.03)
P1 804 GHz 86.13 (0.58) 91.49 (0.73) 94.46 (0.41) 99.87 (0.04)
PO 879 GHz 86.19 (0.60) 91.59 (0.68) 94.43 (0.34) 99.88 (0.03)
P1 879 GHz 86.20 (0.59) 91.72 (0.70) 94.31 (0.37) 99.89 (0.04)
P0 943 GHz 85.95 (0.61) 91.14 (0.65) 94.68 (0.44) 99.87 (0.05)
P1943 GHz 85.94 (0.70) 91.13 (0.83) 94.65 (0.32) 99.87 (0.04)

5.3. 900-GHz HEB Receiver Tolerance Analysis

In chapter 4, it was shown that the measured beam patterns of the HEB mixer receiver developed
by Prof. Yamamoto’s group at the University of Tokyo did not match simulation results. Instead,
beam patterns were quite distorted, with the consequent degradation of the science capabilities of
the receiver. Therefore, it is critical to understand if those distorted patterns are a consequence of a
design very dependent on tolerances or just a consequence of a defective component. Using a
similar approach to that for ALMA band 10 optics, an analysis of the effect of fabrication and
assembly errors on performance has been carried out for the optics of this receiver. The analysis has
been carried out at the design frequency of 900 GHz. MATLAB has been used to create the PO
simulation input files using random dimensions, positions and orientations for all optical
components. The generated models have been analyzed using the PO software GRASP. Then, co-
polarization patterns have been fitted by fundamental Gaussian beams for easier comparison, and
cross-polarization levels have been calculated. In the calculation of cross-polarization levels, no wire
grids have been considered in order to have a more clear understanding of how the cross-
polarization depends on the horn and the ellipsoidal mirror. The effects of truncation in IR filters and
cryostat window have not been considered this time in order to speed up lengthy simulations.
Fabrication and assembly errors for each simulation have been obtained independently using
Gaussian statistics with mean the design value and with different standard deviations o, considering
that the tolerance is equal to 3c. More than 1000 simulations have been run with different sets of
random values for errors. At first, the same standard deviations as for the ALMA band 10 analysis
were used. This is 20 microns fabrication tolerance, 20 microns assembly tolerance in each
dimension and 1 mrad for orientation tolerance (model 1). The results of this simulation did not
show any important degradation in the co-polarization pattern. Therefore, two more analyses were
performed. The second analysis consisted of increasing all tolerances by a factor 2 (model 2). The
third analysis consisted of using the same tolerances as for the first and adding some errors in the
diagonal horn (model 3). Specifically, the diagonal horn modes TE,, and TEy; were chosen to have
slightly different amplitudes and phases. The differences were 30 = 5% for amplitude and 30 = 10
degrees for phase. Results of mean values and standard deviations of the Monte Carlo analyses of
models 1-3 are presented in table 5.10.
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Table 5.10. Results of mean values (out of parentheses) and standard deviations (between

parentheses) of fundamental Gaussian beam fitting and cross-polarization results
for models 1 to 3 at 900 GHz

Ideal Model 1 Model 2 Model 3
(nominal tolerance) | (tolerance x2) (horn modes)
Gaussicity (%) 94.603 94.603 (0.014) 94.585 (0.033) | 94.586 (0.022)
Waist size in x (mm) 3.330 3.331 (0.009) 3.331(0.016) 3.330 (0.009)
Waist size in y (mm) 3.337 3.337(0.009) 3.337 (0.016) 3.337 (0.009)
Distance to focus (mm) | 136.754 136.759 (0.122) 136.777 (0.200) | 136.764 (0.124)
Offset in x (mm) 0.088 0.077 (0.346) 0.074 (0.692) 0.089 (0.340)
Offset iny (mm) 0.000 0.008 (0.222) 0.010 (0.384) -0.004 (0.225)
Tilt in x (deg) 0.034 0.032 (0.069) 0.032 (0.137) 0.034 (0.068)
Tiltiny (deg) 0.000 0.002 (0.044) 0.002 (0.075) -0.001 (0.044)
Cross-polarization (dB) | -13.22 -13.22 (0.04) -12.90 (0.24) -12.91 (0.24)

Results of the previous Monte Carlo analyses show small deviations of the Gaussian beam
parameters around the average values. The effect of doubling the tolerances is just an increase of
the standard deviation (about double). The effect of considering some differences in the horn modes
is just a slight degradation of Gaussicity and cross-polarization. None of the patterns calculated in
the analyses of models 1-3 showed any significant degradation in terms of average values or spread
of results. Average values were very close to ideal and standard deviation values were small.
Therefore, this means that tolerances alone cannot explain why the measurements presented in
chapter 4 are different from PO simulations. Additionally, this indicates that some of the optical
components in the receiver under study are defective. In order words, either the diagonal horn or
the ellipsoidal mirror has not been properly fabricated.

To study this, two extra Monte Carlo analyses (models 4 and 5) have been performed using
nominal dimensions for all components except for the component under study. In model 4, the
diagonal horn dimensions have been changed, allowing non-square apertures, using a Gaussian
distribution with standard deviation equal to 1% of average values. In model 5, the ellipsoidal mirror
surface has been considered non-ellipsoidal. The mirror surface has been described as a second-
order polynomial whose parameters do not necessarily describe an ellipsoidal surface. Each
parameter has been modeled as a Gaussian variable with a 1 % standard deviation. The mean values
and standard deviations for Gaussian beam fitting and cross-polarization levels of Monte Carlo
analysis results are presented in table 5.11 for models 4 and 5.

Results of the Monte Carlo analyses of models 4 and 5 indicate that the effects of a faulty mirror
impact more on total performance than those of a faulty horn, for a 1% error in dimensions. Most
importantly, in model 5, the consequences on the average final Gaussian beam are a decrease of
Gaussicity, change of waist dimensions, beam defocus, offset increase in the x dimension and cross-
polarization degradation. Another key result is the large standard deviations of Gaussicity, waist
sizes and waist positions in the case of model 5. The standard deviation of 2% in Gaussicity means
that values below 90% are possible. The waist size standard deviation shows that variations in the
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order of mm are possible. In the case of the waist position, the standard deviation is around 52 mm,
which means that the position of the focus strongly relies on the mirror. In other words, model 5
results prove that if the ellipsoidal mirror is defective, it cannot focus the beam properly in terms of
Gaussicity, waist sizes, symmetry and waist position. These degradations perfectly fit the
degradations found in the measured beams. In addition to this, all beam patterns generated in the
Monte Carlo analyses of models 1-5 have been stored. An inspection of these patterns shows that, in
the case of the analyses of models 1-4, there were not any distorted patterns, whereas in the case of
the analysis of model 5, there were many distorted patterns. Actually, some of these resembled the
measured patterns in chapter 4, as shown in figure 5.9, even if the effects of truncation in the
cryostat mirror were not considered.

Table 5.11. Results of mean values (out of parentheses) and standard deviations (between
parentheses) of fundamental Gaussian beam fitting and cross-polarization results when some
component is defective at 900 GHz

Ideal Model 4 Model 5
(Diagonal Horn) | (Ellipsoidal Mirror)
Gaussicity (%) 94.603 | 94.597 (0.016) 93.437 (2.061)
Waist size in x (mm) 3.330 3.333 (0.024) 3.677 (1.487)
Waist size in y (mm) 3.337 3.339(0.023) 3.781(1.489)
Distance to focus (mm) | 136.754 | 136.741 (0.863) | 175.838 (52.110)
Offset in x (mm) 0.088 0.088 (0.005) 0.162 (0.340)
Offset iny (mm) 0.000 0.000 (0.001) 0.000 (0.000)
Tilt in x (deg) 0.034 0.034 (0.001) 0.047 (0.069)
Tiltiny (deg) 0.000 0.000 (0.001) 0.000 (0.000)
Cross-polarization (dB) | -13.22 -13.19 (0.05) -12.08 (2.49)

Simulation of faulty mirror
at 900 GHz (no truncation)
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Figure 5.9. Comparison of measured patterns and simulations with a slightly non-ellipsoidal mirror
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Monte Carlo analyses generate much data from individual PO simulations, which can be used to
generate histograms of the Gaussian beam parameters. These histograms provide more insight
about the kind of distribution which parameters follow when errors follow specific distributions,
such as Gaussian in the case of models 1-5. Figure 5.10 presents the histograms for Gaussicity, waist
size, focus offset and cross-polarization for models 2 and 5. It thus provides a comparison between a
case in which errors are due to usual tolerances and a case in which there is a faulty component.
Notice that horizontal scales are very different. Histograms for model 5 show a great dispersion of
the data and distributions which are not Gaussian. In the case of model 2, histograms show
distributions with approximately Gaussian shapes, except in the case of cross-polarization. Moreover,
the data spreads for model 2 are at least one order of magnitude less than in the case of model 5.
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Figure 5.10. Histograms of Gaussicity, waist size, focus offset and cross-polarization
for models 2 and 5 at 900 GHz

Finally, the conclusions of the Monte Carlo analysis have been tested by checking the beam
performance of the ellipsoidal mirror and by measuring its surface by laser. Firstly, the mirror was
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disassembled from the receiver and placed on a XYZ stage in front of a probe horn. A room-
temperature receiver based on Schottky diodes and manufactured by VDI [88] with diagonal horn
input has been used to detect the radiation coming from the probe horn and reflected in the
ellipsoidal mirror. A photograph of the measurement setup is shown in figure 5.11. Since the
diagonal horn dimensions used in this receiver are different from the HEB mixer block diagonal horn
dimensions, new quasi-optical analyses and GRASP simulations have been performed to compare
the measured data to the expected radiation patterns. The position of the XYZ stage has been
adjusted to provide the best possible beam focus. Results of the measurements at the waist position
and the calculated far fields are compared to GRASP simulations in figure 5.12. Results show that
even though high beam Gaussicity can be achieved (around 97%), the phase distribution in the near
field is much distorted. This translates in distorted beams in the far field, such as those measured for
the whole receiver and shown in chapter 4.

Figure 5.11. Measurement setup for the room-temperature characterization of the ellipsoidal mirror
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Figure 5.12. Comparison of GRASP simulations and room-temperature measurement results
The final check on the mirror has been a 3D laser measurement performed at NAOJ. Figure 5.13
shows the measurement setup. The comparison of the measured mirror surface with the theoretical
ellipsoidal surface shows large surface errors in the entire mirror surface. In addition, there is a

strange large error structure near the mirror center, which further distorts the reflected beam.
Results of the 3D laser measurement are presented in figure 5.14.
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Figure 5.14. 3D laser measurement results of the ellipsoidal mirror surface. Values plotted are the

difference in microns between the measured surface and the theoretical ellipsoidal surface
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In conclusion, the ellipsoidal mirror is of poor quality and it is distorting the receiver beam
patterns. The combination of simulations and measurements has proved to be a useful and powerful
tool to trace problems in a quasi-optical system. The ellipsoidal mirror will be replaced in the future
in order to improve the receiver optical efficiency and enhance astronomical observation capabilities.
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Chapter 6

Effect of Infrared Filters on ALMA
Band 10 Optics

6.1. Introduction

ALMA band 10 tertiary optics is located in the 4K stage of the ALMA cryostat and the RF signal has
to go through one quartz window and two infrared (IR) filters in the optical path between the
secondary mirror of the telescope antenna and the corrugated horns in the receivers. The optical
efficiency measured at room temperature is very similar to the simulated performance using GRASP.
However, when the standard optics design was used at cryogenic temperatures in the real receiver
for the first time, performance in terms of aperture efficiency was degraded with respect to
measurements at room-temperature without filters and window. This means worse astronomical
observation capabilities. This degradation was unexpected and the cause was unknown. An example
of a good beam at room temperature compared with a distorted beam measured at cryogenic
temperature at 804 GHz is presented in figure 6.1.

Magnitude (dB)
Magnitude (dB)
8

-0 5 [ 5 o 15 -5 4 il
X {min) A (mm

Figure 6.1. Beam at 804 GHz measured at room temperature without IR filters and cryostat window
(left) and measured at cryogenic temperature in the test cryostat (right)

Careful investigation into the problem showed a potential risk of reflections in the IR filters.
Circuital simulations using the results derived from Terahertz Time Domain Spectroscopy (THz-TDS)
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measurements [112] showed that the reflectivity of the filters dielectric could be non-negligible at
the lower frequencies of ALMA band 10, which were the frequencies with greater beam degradation
at cryogenic operation.

Once the cause of the problem was identified, appropriate modifications of the optics
components were performed to avoid multiple reflections in filters and in the plane of the
corrugated horn aperture. These changes worked and aperture efficiency was improved back to the
levels measured at room temperature.

6.2. ALMA Band 10 Optical Performance using IR Filters in the Cryostat

The beam patterns of the ALMA band 10 receiver when the IR filters are placed in the cryostat
inner shields are distorted with respect to the beam patterns measured at cryogenic temperature
without IR filters. The comparison between the co-polar and cross-polarization patterns in the two
cases for the ALMA band 10 prototype model are presented in figures 6.2 and 6.3.

PO 787 GHz P1787 GHz

No IR filters With IR filters No IR filters With IR filters

Capolar Near eld Magnituge (48) Copolar Near feld Magnitude (d5) Capolar Near field Magnitude (45) Copolar Near field Magnitude (45)

&
¥ (mm)

Maghitude (¢8)
Magitude (48)

Magaitude (48)

Magaitude (48)
8
Magnitude (68)

B "
Magritude (d8)
8

0 0 o 0
¥ () () ¥ (o) ¥ ()

Capolar Near field Phase(deg) Copolar Near field Phase(de) Copolar Near fild Phase(deq)

¥ (mm)
Y (:m)
v (:m
v :m)

108




PO 868 GHz

P1 868 GHz

No IR filters

With IR filters

No IR filters

With IR filters

¥ m)

‘Copalar Near fild agnitude (45)

5 0
()

Copal

 feld Magrituds ()

Copt 1d Magnitude (95)

Copolar Near fld Magntude (45)

Magnitude (¢6)

Magnitude (48)

Magnitude (45)

Magniude (48)

Wiagnitids (18)

¥ (o)

¥ rm)

PO 945 GHz

P1945 GHz

No IR filters

With IR filters

No IR filters

With IR filters

ar feld Mage

fld Magnituds (d

)

itude (5)

Capalar Near fal

Magnitude (¢5)

Magritud (48)

Wagitide (68)

Magtitude (66)

Magritud (48)
8

Magnitude ()

109




Copolar Near fld Phase(deg)

X (o)

X ()

‘Copolar Near field Phase(deg)

0
X ()

Copalar Near 210 Phase(dee)

¥ ()

X (o)

Figure 6.2. Near-field co-polarization patterns (magnitude and phase) with and without filters
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Figure 6.3. Near-field cross-polarization patterns (magnitude) with and without filters

The previous measurements have been fitted by fundamental Gaussian beams and cross-
polarization levels have been calculated. Results are reported in table 6.1. Patterns measured with IR
filters show lower Gaussicity, increased cross-polarization and decreased efficiencies. The
degradation in total aperture efficiency is as large as almost 1% at 787 GHz. The effect of filters at
868 and 945 GHz is less than at 787 GHz. Parameters such as offsets, tilt angles or beam squint are
not reliable in the case of the measurements with IR filters, due to the distorted shape of the beams.
These parameters are calculated by fitting the measurements to theoretical functions. Since the
beam shape is distorted in the case with IR filters, it is difficult to find a meaningful fit and the
optimization performed when fitting the beam will just be that one which provides the least error,
which is not necessarily the best one. Hence, the parameters of the optimized theoretical beam are
not as meaningful as in the case of beams without distortion.
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Table 6.1. Gaussian beam fitting, efficiencies, cross-polarization and beam squint analyses
with (w/) and without (w/o0) IR filters

RF Frequency (GHZ) 787 GHz 868 GHz 945 GHz
Polarization PO P1 PO P1 PO P1
IR Filters w/o w/ w/o w/ w/o w/ w/o w/ w/o w/ w/o w/
Gaussicity, [%] 97.759 97.193 98.280 96.930 98.099 98.029 98.416 97.741 97.827 97.865 97.255 97.625
wOx, [mm] 2.254 2.325 2.245 2.226 2.034 2.028 2.037 2.033 1.843 1.843 1.818 1.896
wOy, [mm] 2.232 2.242 2.312 2.289 2.046 2.051 2.066 2.016 1.862 1.880 1.837 1.825
z_from_wOxy, [mm] = 83.473 84.140 84.349 85.193 81.814 81.867 84.161 83.206 81.415 84.104 84.010 82.064
XOffset, [mm] 0.199 -0.351 0.206 -0.275 0.217 -0.225 0.174 -0.286 0.305 -0.268 0.123 -0.254
YOffset, [mm] -0.191 -0.065 -0.015 0.056 -0.112 -0.011 0.023 0.049 -0.132 -0.052 -0.034 0.033
XTilt, [deg] 0.945 0.980 0.893 0.922 0.937 0.916 0.938 0.923 0.871 0.942 0.984 0.905
YTilt, [deg] -0.038 0.010 -0.074 -0.070 -0.071 -0.031 -0.110 -0.115 -0.036 -0.018 -0.055 -0.019
Xpol level (dB) 29.22 28.05 31.17 26.83 29.57 28.92 30.44 28.93 30.21 28.35 28.37 28.06
Edge taper (dB) -9.89 -10.82 -10.38 -10.72 -9.54 -9.65 -10.05 -9.54 -9.05 -9.39 -8.66 -10.10
Taper eff (%) 92.16 91.11 91.04 91.33 91.85 91.56 91.14 92.04 92.67 92.20 93.46 92.31
Spillover eff (%) 94.68 94.21 94.13 93.65 94.06 93.94 94.31 93.69 93.80 93.67 93.16 93.71
Polariz eff onsec (%) 99.84 99.86 99.89 99.86 99.87 99.88 99.87 99.87 99.85 99.83 99.83 99.78
Defocus Eff (%) 100.00 100.00 100.00 100.00 99.99 99.99 99.99 99.99 99.98 99.99 99.98 99.99
Aperture eff (%) 86.35 85.40 85.92 85.18 86.09 85.69 85.75 85.97 86.69 86.11 86.70 86.12
Beam Squint (%) 4.01 0.44 4.01 0.44 2.34 2.63 2.34 2.63 2.37 2.88 2.37 2.88

6.3. Reasons for Degraded Optics Performance

ALMA band 10 IR filters are composed of thin dielectric layers of Mupor and Gore-Tex. Cryostat
windows are made of quartz with Teflon anti-reflection coatings. Characterization of these materials
using THz-TDS can provide accurate values of transmittance and absorption at a broad bandwidth.

THz-TDS is a well-known spectroscopic technique which consists of irradiating very short pulses,
in the order of 100 fs, on a sample of the material under analysis and then, analyzing the shape of
the received pulses after going through the material sample. A sample of the originally irradiated
pulse, which is delayed by delay lines, is sent to the receiver at the same time as the information
pulse arrives in order to “gate” the response of the THz detector. The schematic of a typical THz-TDS
system is presented in figure 6.4. The received pulse is Fourier transformed to get spectral
information over a wide bandwidth. The use of very short pulses and high time-resolution detectors
makes this system extremely wideband. However, the frequency resolution is worse than for other
spectroscopic techniques. Typical bandwidths are around 2-5 THz with a spectral resolution of
around 50 GHz [113]. The advantage of THz-TDS with respect to other spectroscopic techniques is it
can provide not only amplitude but also phase information of the pulse through the sample. This
allows the characterization of transmittance and absorption of materials.

Mupor of different thicknesses have been characterized by THz-TDS at room temperature in
vacuum using the facilities at NICT/Koganei. Real and imaginary parts of dielectric constant have
been calculated from power transmittance and phase shift measurements. The filter located at the
15 K stage, shown in figure 6.5 (left), is composed of a single layer of PM131D Mupor. The measured
complex refractive index was n = 1.222 + j0.0012. The filter located at the 110 K stage, shown in
figure 6.5 (right), is composed of a layer of Gore-Tex plus one layer of PM21MD Mupor. The
measured complex refractive index for this Mupor layer was n = 1.242 + j0.0045.
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Figure 6.4. Schematic of a typical THz-TDS system

(SOURCE: RIKEN, http://www.riken.jp/lab-www/THz-img/English/annual_gas.htm)

Figure 6.5. 15K (left) and 110 K (right) IR filters mounted on cryostat shields

These results were obtained by fitting THz-TDS power transmittance and phase shift data with
the theoretical results for different complex refractive indexes (n, k). The best fitting results are
presented in figure 6.6 for the 15 K filter, and in figure 6.7 for the 110 K filter.
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Figure 6.6. Phase shift and transmittance comparison for THz-TDS measurement and calculated
result for n=1.222, k=0.0012 for PM131D Mupor
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Figure 6.7. Phase shift and transmittance comparison for THz-TDS measurement and calculated
result for n=1.242, k=0.0045 for PM21MD Mupor

A simple transmission line equivalent model [114] has been used to calculate the transmitted and
reflected power for dielectric layers of the measured thickness and complex refractive index. The
refractive index n has been used to calculate the equivalent transmission line dielectric constant and
the extinction coefficient k has been used to estimate the loss in dB/m. Models with the exact values
used for simulation are presented in figure 6.8.
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Figure 6.8. Equivalent waveguide circuits to calculate transmittance and reflectivity of Mupor
dielectric layers. The upper circuit is for PM21MD Mupor and the lower circuit is for PM131D Mupor

Results, in figure 6.9, show that power transmission is lower at the lower frequencies of ALMA
band 10 for both Mupor layers. Results of reflectivity in figure 6.10 show that this translates in a
large reflectivity at those frequencies. The maximum of the reflected beam in the 15 K filter is only
15 dB less that the incident beam maximum.
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Figure 6.9. Simulated power transmission for Mupor materials used in ALMA band 10 IR filters
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Figure 6.10. Simulated reflection loss for Mupor materials used in ALMA band 10 IR filters

Simple ray tracing simulations in figure 6.11 show that the reflected energy in all IR filters and
cryostat window will hit the area around the corrugated horn rim. With the current optics design,
this reflected beam will be reflected again around the horn rim and it will interfere with the main
beam. This explains the distorted beams when IR filters are used. The simplest solution to avoid this
interference is to prevent this reflection around the horn rim and, if possible, to absorb this energy
so it does not bounce uncontrolled in the 4 K stage of the cryostat.

15 K IR filter ~atag, 10K IR fiter gy
Cryostat window
H e
W Horns % orns :
® ¥ p.

Horns ‘
- Mirr‘ors Mirrors

Figure 6.11. Ray tracing shows that reflected energy will be reflected in the mirrors and hit near the
corrugated horn rim

6.4. Proposed Solution

Two slight modifications in ALMA band 10 optics have been proposed to avoid mirror-like
reflections around the horn rim. Firstly, corrugated horn rims have been chamfered at 45 degrees so
that energy hitting the rim will be dispersed in a different direction. Secondly, THz absorbent paint
has been applied around the horn rim in order to absorb the energy hitting around the rim. The
modification of the corrugated horn rim is shown in figure 6.12. The rim chamfered at 45 degrees is
clearly visible in the horn on the right. The right-hand side photo in figure 6.13 shows how the
absorbent paint has been applied around the horn rim. Currently, instead of painting directly, a small
aluminum plate previously painted with absorbent paint is assembled on the wire grid box. The used
absorbent paint is composed of SiC grains (350 um diameter), stycast epoxy 2850FT and curing agent
catalyst 9 [96].
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Figure 6.12. Original ALMA band 10 corrugated horn (left)
and new 45-degree chamfered horn (right)

Figure 6.13. Old and new design corrugated horns mounted on wire grid box
Without (left) and with (right) absorbent paint around horn rim

6.5. Validation through Measurements

Room-temperature measurements using a Schottky-diode receiver and prototype IR filters at the
same position as in the ALMA cryostat have been performed. The room-temperature measurement
setup used for this experiment is the same as presented in chapter 4 for room-temperature
characterization, but mounting ALMA band 10 optics on a support structure which can also hold the
IR filters and cryostat window at appropriate positions. A photograph of this support structure is
presented in figure 6.14. Notice that IR filters and cryostat window can be easily mounted on or
removed from the support structure. This allows comparison of beams with different filters/window
combinations or without any of them.

ALMA band 10 optics

Cryostat window and
IR filters

Figure 6.14. Measurement setup at room temperature to characterize beam performance with and
without IR filters and cryostat window
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Some interesting results are shown in figure 6.15. For these measurements, the cryostat window
has been removed in order not to truncate the reflected beams. The left-hand side beam patterns
are those of the original design. The predicted reflected beam is easily visible not far from the main
beam. This reflected beam will be diffracted in the cryostat window aperture and interfere with the
main beam creating the interference pattern which can be seen in the beam pattern on the right in
figure 6.1. In other cases, for different optics components or cooling cycles in real cryogenic
operation, the beam could be reflected in a different angle and the final reflection could be within
the main beam. The right-hand side beam patterns are those of the modified optics design. The
reflected beam is greatly absorbed and only some residual reflected energy is left.
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Figure 6.15. Room-temperature beam measurement results at 832 GHz for original and improved
optics design with infrared filters in both cases. The reflected beam clearly appears on the left in the
case of the original optics design

A comparison between the measured beam patterns after the cryostat window has been put in
place is presented in figure 6.16. The improved optics design presents a ripple-free main beam and
no large side lobes, as opposed to the beam measured for the original optics design.
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Figure 6.16. Beam measured at room temperature with IR filters and cryostat window for the
original optics (left) and for the improved optics (right) at 832 GHz
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One of the first ALMA band 10 cartridges has been characterized using the original and the
improved optics designs. The beam results in amplitude and phase when the original optics is used is
compared to the case when chamfered-rim horns and absorbent paint are used in figures 6.17 and
6.18 for polarizations PO and P1, respectively. In the case of the original optics, the amplitude
pattern has lots of ripples and the phase pattern shows a clear interference pattern. In the case of
the new design, the beam shape is greatly improved and no interference signs apart from those of
slight truncation at the cryostat window can be seen in the magnitude or phase beam patterns. The
improvement is very clear at lower frequencies and polarization P1. Cross-polarization
measurements have also been performed in order to confirm no unexpected cross-polarization
degradation occurred due to chamfering the horns or due to the new absorbers. Results showed no
changes in cross-polarization patterns and levels. Cross-polarization patterns are presented in figure
6.19.

Efficiencies at the secondary of the Cassegrain antenna have been computed in order to
guantitatively compare both cases. The efficiency analyses at 804, 834, 879, 911 and 943 GHz are
presented in table 6.2 for both polarizations. Improvements are significant when the new optics is
used. The improvement is especially remarkable at lower frequencies, when the reflection in the IR
filters is more important. In this case, improvements greater than 1% and, even up to 2%, were
achieved. Results in table 6.2 show a slight degradation of aperture efficiency at 879 GHz for P1 and
at 911 GHz for PO. At these frequencies, the influence of reflections in the original design was not
critical. Therefore, measurement errors and different cartridge alignments can explain this slight
degradation for beams which are similar.
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Figure 6.17. Comparison of co-polarization patterns measured for polarization PO of cartridge #6

using the original and the improved ALMA band 10 optics design
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Figure 6.18. Comparison of co-polarization patterns measured for polarization P1 of cartridge #6

using the original and the improved ALMA band 10 optics design
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Figure 6.19. Comparison of cross-polarization patterns measured for cartridge #6 using the original

and the improved ALMA band 10 optics design

Table 6.2. Efficiency analysis for ALMA band 10 cartridge #6
when the original (No abs.) and improved (Abs.) optics are used

Taper eff. (%) | Spillover eff. (%) Polarization eff. Defocus eff. (%) Aperture eff. (%)
on sec. (%)

f | pol | Noabs. | Abs. | Noabs. | Abs. | Noabs. | Abs. | No abs. Abs. No abs. | Abs.
804 | O 87.55 | 90.10 | 93.22 92.12 | 99.71 | 99.57 | 99.963 99.986 81.05 82.39
804 | 1 89.58 | 91.79 | 92.70 91.49 | 99.78 | 99.73 | 99.963 99.986 82.46 83.57
834 | 0 88.60 | 90.12 93.13 92.66 | 99.68 | 99.75 | 100.000 | 100.000 82.01 83.17
834 | 1 89.52 | 92.51 92.16 91.20 | 99.77 | 99.69 | 100.000 | 100.000 82.05 83.99
879 | O 88.28 | 90.10 | 94.39 93.44 | 99.83 | 99.69 | 100.000 | 100.000 83.03 83.77
879 | 1 90.83 | 91.54 | 93.03 92.20 | 99.87 | 99.82 | 100.000 | 100.000 84.23 84.16
911 | O 90.21 | 89.95 94.03 93.75 | 99.83 | 99.79 | 100.000 | 100.000 84.48 84.06
911 | 1 91.05 | 91.38 | 93.64 93.44 | 99.79 | 99.78 | 100.000 | 100.000 84.93 85.13
943 | O 91.09 | 91.42 94.69 94.62 | 99.84 | 99.83 | 99.999 | 100.000 85.89 86.18
943 | 1 89.97 | 91.51 94.52 93.66 | 99.85 | 99.84 | 99.999 | 100.000 84.72 85.37
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Chapter 7

Study on Cross-Polarization Performance

7.1. Introduction

One of ALMA main capabilities is astronomical polarization observations or the ability to measure
simultaneously the intensity of light in orthogonal linear polarizations from an astronomical source.
Polarization observations are important to study magnetic fields or scattering in molecular clouds
[115]-[117]. In order to be able to perform these observations, ALMA receiver cross-polarization
performance must be very good. For example, the better it is, the weaker the measureable magnetic
fields are. The cross-polarization specification in an astronomical telescope is usually related to the
total integrated cross-polar on the secondary with respect to the total integrated co-polar. In some
other cases, it could be specified as the maximum value of cross-polar with respect to the maximum
of the co-polar pattern. In the case of ALMA, the original cross-polarization specification for all the
receivers in the different frequency bands was -23 dB for the integrated cross-polar on the
secondary. However, that specification has proven too stringent for receivers in some bands.

ALMA band 4 [118] is currently under production at NAOJ. ALMA band 4 uses common optics for
both orthogonal linear polarizations and then, an orthomode transducer (OMT) is used to separate
polarizations after detection in a dual mode corrugated horn. The tertiary optics is composed of an
ellipsoidal mirror and a flat mirror and is located out of the ALMA cryostat, at room temperature.
ALMA band 4 optics is shown in figure 7.1. In spite of band 4 optics simplicity, the -23 dB cross-
polarization requirement has been found difficult to meet. Even if individual optical components
offered good performance, the total system cross-polarization was out of specifications for some
cartridges.

At the time when this problem was found, there were no appropriate answers to why this
happens. Most ways to tackle this problem in other bands (band 3, 6...) have been from a pure
engineering point of view, without trying to look for the real physical causes of cross-polarization
degradation. Band 3 proposed a modification of the ALMA requirement such that a percentage of
already manufactured components could be useable. In the case of band 6, the cross-polarization
levels of the components in the RF path were used to calculate the worst-case and the RMS values of
the total receiver cross-polarization.
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In the case of ALMA band 4, a complete explanation of the physics behind this low cross-
polarization performance has been sought. Efforts have been two-fold. Firstly, the physical reasons
why the addition of cross-polarization contributions from different optical components is very
harmful in the case of band 4 were explained using higher-order Gaussian modes and tracking how
the different contributions are combined. This was used to relax ALMA band 4 specification to a
more realistic cross-polarization performance target for the current receiver architecture. Secondly,
different electromagnetic analyses were performed in order to explain the non-understood
frequency behavior of the system cross-polarization. These analyses have been a combination of
theoretical studies and numerical simulations.
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Figure 7.1. ALMA band 4 optics

7.2. Cross-Polarization in Optical Components

Some optical components can add an extra cross-polarization component into an electric field
when the field goes through or is reflected in them. The additional cross-polarization is generated
from the incident co-polarization components. The combination of all the cross-polarization
contributions in an optical system will determine the total system cross-polarization.

7.2.1. Cross-polarization in metallic mirrors

The cross-polarization generated at non-flat mirrors is due to the reflection of an extended beam
on a non-flat surface and it increases with the angular offset of the incident beam with respect to
the mirror axis. In the case of a plain mirror, there is no cross-polarization component added to the
fields. The created cross-polar component would be minimized by a beam incident along one of the
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symmetry axes of the mirror surface, which is not usually practical. In the case of an ellipsoidal
mirror, the cross-polarization (XsP) level after reflection with respect to the maximum of the
reflected co-polarized (CoP) field is given by equation (7.1),

XsP max 1 wp
= ———tanq; 7.1
CoPmax +v2e f 1 ( )

where w,, is the beam size at the mirror, f is the mirror focal length and q; is the semi-bend angle
provided by the mirror.

The generated cross-polar beam pattern can be properly described as a first approximation by a
single higher-order Gaussian mode Ey/Eq; if the incident co-polar beam pattern is a fundamental
Gaussian mode. The phase difference between the generated cross-polarization and the original co-
polarization is 180 degrees (minus sign for the XsP/CoP ratio) [119].

7.2.2. Cross-polarization in dielectric surfaces

The cross-polarization generated in dielectric surfaces is due to the misalignment of the incident
beam with respect to the main optical axes of the dielectric surface. The difference of Fresnel
transmission coefficients and/or refraction indexes for orthogonal main optical axes propagation
creates cross-polarization.

For a co-polar beam polarization which differs an angle a from the orientation of one of the
dielectric main optical axes, the transmitted beam can be expressed as stated in equation (7.2) in the
general case of birefringence.

?m =T, cosa & + T, sin a e/5%&; (7.2)

where T, and T, are the Fresnel coefficients for parallel and orthogonal incidence (or vice versa),
6¢ is the phase difference of optical path for the main optical axes of the dielectric due to
birefringence and e4, e, are the unitary vectors in the direction of the main optical axes.

The transmitted field expressed in equation (7.2) can be converted into co-polar and cross-polar
components according to the orientation of the original co-polar field. This is done in equations (7.3)
and (7.4).

Ecop = Ty cos? o+ T, sin? ae/®® = T; — sin? a (Ty — T,€/%?) (7.3)
Exsp = sina cosa (T1 - T, ej5¢) (7.4)

In the case of ALMA filters and windows, the dielectric materials are aligned in the filters so that
cross-polarization generation is minimized. Therefore, the polarization alignment with respect to the
optical axes of the dielectrics are supposed to be pretty good and the angle a must be close to 0
degrees. In that case, some approximations can be done in order to simplify equations (7.3) and (7.4).
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Results ignoring second order contributions in a are used to express the relationship between CoP
and XsP components in equation (7.5).

XP o (1 _ %ej&b) (7.5)

CoPmax — 5

The angle a is minimized for the whole incident beam by carefully choosing the orientation of the
filters and window. The difference between T, and T, can be minimized by choosing dielectrics with
low dielectric constant or minimizing the incident angle 6 as deduced from equations (7.6)-(7.7). The
phase difference 6¢ depends on the birefringence of the material and other geometrical
considerations. Stacked layers of difference dielectrics or grooved dielectrics can also be birefringent
even for non-birefringent materials [120].

2cos6

TJ_ = (7.6)

2
cos9+21 1—(“—0 sin S)
ng ng

220050
nq
ng ng . 2
cos0+— 1—(—sm 6)
nq nq

The phase term due to birefringence is frequency dependent as shown by equation (7.8).

5¢=%d(1 - 1) (7.8)

cosB, cos B,
where B, and B, are the refracted angles into the dielectric and d is the dielectric thickness.

Notice that for a single dielectric layer, there will only be a clear dependence on frequency in the
case of birefringence. If the material and the complete dielectric structure are not birefringent, the
complex exponential term in equation (7.4) will be equal to 1 and there will not be any strong
frequency dependence, since T, and T, do not depend directly on frequency.

The cross-polarization pattern generated by dielectric layers can be approximated in first-order
by a single Gaussian mode Eq, or Eg; if the incident co-polar beam pattern is a fundamental Gaussian
mode [121].

In order to calculate the phase difference between the original co-polar and the generated cross-
polar in the case of non-birefringent structures, the equations and method proposed in [121] are
useful. In the case of a simple dielectric layer of non-birefringent material, it is easy to see that the
ratio XsP/CoP will be proportional to the amount (T;-T, ) which is always negative as can be derived
after some algebra using equations (7.6) and (7.7). This means that in the case no extra phase shift is
introduced by birefringence, the original CoP and the generated XsP are 180 degrees out of phase.
The proof for this follows:

_ 2n, cos O 2n, cos O _ 2n, cos 6(n,—n;)(cos6—cosP)
T, —T, = - (7.9)

n, cos6+n,cosp n,cosO+n;cosp  (ny cosO+n, cosp)(n, cosB+n, cosB)
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where 0 is the incident angle, B is the refracted angle and n4, n, are the refraction indexes of the
two media. In the case of incidence from air/vacuum into a dielectric,

n,—n; >0
cosB—cosB<0

And since the denominator is always positive for angles below 90 degrees, the amount (T;-T,) in
(7.9) will be negative.

7.2.3. Cross-polarization in horns

The cross-polarization generated in horns in reception is exactly the same as in transmission, in
virtue of the reciprocity theorem [76]. The fields radiated by a horn, can be calculated as the Fourier
transform of the currents in the horn aperture. In the case the horn rim is finite, the equivalent
currents in the horn aperture are both magnetic and electric, M and J,, and the electric field E is
calculated as stated in (7.10), using the expression for the electric and magnetic vector potentials, A
and F, in (7.11)-(7.12).

o Y .1 — 1 -
E=—jwA—j5zV(V-A) - ZVXF (7.10)
-~ _u > e—ij " ue‘jkr > e ,

A=l Js——ds' = ——[fs Jse/"Vds (7.11)
- £ _— e_ij ' Se_ikr — . , ,

F=_—[ffy Ms——ds' = —— [f; Mge*"<>¥ds (7.12)

where r and r’ are the position vectors of the observation points and the sources, respectively, R
is the magnitude of the vector R=r-r’, and { is the angle between r and r’. The integrations in
(7.11)-(7.12) are performed over the surface with sources, S, whose differential is ds’.

The equivalent currents M, and J can be calculated from the electric and magnetic fields in the
aperture, E,, and H,p, as stated in (7.13)-(7.14).

. =fAxH (7.13)

ap
s =—fixE, (7.14)

=<l o

where fiis the unitary vector perpendicular to the aperture and pointing out of the horn.

The horn will transform the waveguide modes in the horn input to some fields in the aperture
which will determine the co-polar and cross-polar radiation patterns. Therefore, the value of cross-
polarization will be determined in first stance by the horn design. Aperture fields are very sensitive
to small fabrication defaults and small errors will change the radiated fields and usually increase
cross-polarization.
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In the case of a horn which radiates a co-polar beam which can be approximated by a
fundamental Gaussian beam, as in the case of a corrugated horn, the cross-polarization can be
modeled as an E;; Gaussian mode.

7.2.4. Cross-polarization in OMTs

An OMT (orthomode transducer) is a waveguide component used to separate a signal in two
orthogonal polarization signals. An OMT has an input, which is normally a square or a circular
waveguide which can support both input orthogonal polarizations, and two outputs, one for each
orthogonal polarization. In the case of the OMT, cross-polarization is generated when the energy
from one polarization is converted into the orthogonal polarization and transmitted to the wrong
output port. This is measured by the Isolation parameter of the OMT. The cross-polarization created
by an OMT is just co-polarization which goes out of the wrong output port. Therefore, it can be
modeled as a fundamental Gaussian beam in the radiated fields.

7.3. Cross-Polarization of a Quasi-Optical System

A quasi-optical system is composed of several elements, some of which generate cross-
polarization. Examples of such elements are ellipsoidal mirrors, horns and/or dielectric layers. The
total cross-polarization of a quasi-optical system, XsPy,, is the addition of the different cross-
polarization components generated in elements in the RF path. These components are complex
guantities which can be expressed in terms of magnitude, |XsP;|, and phase, 6. Their addition will
thus depend both on their magnitude and phase as stated in (7.15). Notice that only the magnitude
of the system cross-polarization is of interest to specify the performance of quasi-optical systems.

|XsPsys| = |ZilXsPile 8| (7.15)

Depending on the phase of the different components, the magnitudes can add constructively and
increase system cross-polarization, or destructively and improve it. A first approach to the problem
which avoids the direct estimation of the phases is provided by the worst-case or the RMS (root
mean square) values. In the case of the worst-case values, all components are considered to add in
phase, which renders the cross-polarization value stated in (7.16). In the case of the RMS value, all
components are supposed to be in quadrature, which renders the RMS cross-polarization value
stated in (7.17).

|XsPgys| = ZilXsP] (7.16)

|XsPsys| = v ZilXsPi|? (7.17)

These values (7.16)-(7.17) have been used by some ALMA groups in the past to estimate the
achievable cross-polarization performance of a receiver. However, the worst-case and RMS value
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approaches are just estimations and do not consider the physics of cross-polarization generation and
propagation. If the phases 8; were known for a given receiver, an appropriate addition could be
performed, as in (7.15).

The different cross-polarization components generate from the same incident co-polarization
beam. Therefore, the initial phase of the cross-polarization will be related to the phase of the co-
polar beam at the position at which cross-polarization is generated. Afterwards, cross-polarization
components will propagate following a different phase law with respect to the co-polar beam. If
generation and propagation phases are computed appropriately, the exact addition in (7.15) is
possible. In the case the co-polarization beam can be approximated by a Gaussian beam, and the
approximations used in quasi-optics are applicable, the different cross-polarization components can
be approximated by higher-order Gaussian modes. The exact equation for higher order modes is
givenin (7.18).

Emn = [rrezmonro () Ha () (7.18)

_xz+y2 i jn(x2+y2) . )\_Z)
exp ( — T ikz ==+ j(m 4+ n + 1) atan —

where w is the beam radius, wy is the waist size, R is the radius of curvature, H are Hermite
polynomials and m, n are the order in x and y, respectively.

Therefore, cross-polarization patterns will be an interference pattern of different cross-
polarization contributions added with different phases. If only Gaussian modes are considered, the
phase differences between the fundamental Gaussian mode which represents the co-polarization
field and the higher-order modes which represent the cross-polarization from different components
are well defined. This phase difference increases with distance and follows an arc tangent function,
as stated in (7.18).

Normally, the shape of the cross-polarization pattern does not follow a single Gaussian mode. It is
normally quite complex and depends very much on fabrication and alignment tolerances and
defaults. However, for this simple analysis, only single-mode cross-polarization patterns will be
considered. As described in previous sections, the cross-polarization patterns of ellipsoidal mirrors
and dielectric layers can be modeled as an E;; mode, the pattern of horns as an E;; mode and the
pattern of OMTs as an Eg mode. The phase difference between the co-polar Eoy mode and the
cross-polar E;g and E;; modes is given by &g and 2¢,, respectively, where ¢, is atan (Az/r[wg), zis
the distance from the waist and wy is the waist size. The computation of the exact phases is quite
tricky and requires careful investigation into the beams propagation. Mode Ey, phase will follow the
function ¢y=atan(Az/ntwh) between the horn waist w}, and the first ellipsoidal mirror in the system (if
any). The mirror will make the beam contract towards a different waist with different waist size. The
phase will therefore also change. The phase at the mirror will be the value of the former function
with z equal to the distance between the horn waist and the mirror. From the mirror, the phase
function will have a ¢y=atan(Az/mw0) dependence, with w,, the size of the final waist, and z,
negative between the mirror and the waist and positive from the waist. Formally, this ¢, function
can be expressed as (7.19):
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tan™! (HATZ) 0<z<zy
. h
Eoo phase: - ()\Z_M) + tant ()\dﬂ) — (w) < (7.19)
MW nwg nwg M =

where z,, is the distance from the mirror to the horn waist and dyy is the distance from the
mirror to the final system waist. The same procedure applies in the case that there are several
ellipsoidal mirrors.

E,p modes will be generated at cryostat IR filters, cryostat window and ellipsoidal mirrors and
their differential phase will propagate following a 2¢, function. The initial phase will depend on the
value of the Eyo phase at the generation point and the effect of mirrors on E;, phase will be similar
to the effect on Eyy phase.

E1; and Egy modes generated at horns and OMTs will propagate following 3¢, and ¢, functions,
respectively. The effect of mirrors is similar as in the cases above.

Since different Gaussian modes have different amplitude patterns, cross-polarization
contributions have maximums in different angular directions in the far field. This means that
maximum cross-polarization values do not add together in the same direction. However, in the case
integrated cross-polarization on the secondary is considered, this performance value can change
significantly depending on the number of cross-polarization maxima which hit or miss the secondary
mirror.

Some additional comments must be made with respect to the original phase difference between
the original co-polar field and the generated cross-polarization in each component. Cross-polar
modes Eqy and E;; will only be generated by one component in the system, OMT and horn
respectively, whereas E;; modes will be generated by several components: filters, window and
ellipsoidal mirrors. The different lobes in the cross-polar pattern of E;q and E;; modes have a 180
degrees phase difference. Therefore, a difference of 180 degrees between different Eq, E1o and Eq4
modes, when these are added, will not make any difference in terms of maximum or integrated
cross-polarization at antenna level. The only difference will be a rotation/symmetry of the cross-
polar field patterns. Therefore, is not important if the initial phase of Ey, and E;; modes is 0 or 180
degrees with respect to the original co-polar fields. On the other hand, the initial phase of Eq
components will be critical when several cross-polar components of the same mode are added
together. In the case of E4 created by ellipsoidal mirrors or non-birefringent structures, the modes
will be 180 degrees out of phase with the original co-polarization beam from which they originated.
In the case of birefringent structures, the same phase difference can be used as an estimate, since
the phase difference for the two main axes refracted paths should not be large for not too thick
dielectrics, such as the usual IR filters and windows.

In order to estimate the total system cross-polarization, all modes have to be added with the
right waist size and phase in an appropriate position. Two interesting places where this addition of
different cross-polar fields can be calculated are the final waist position and the far field. Notice that
the phase difference between modes will be different in these two cases and, therefore, different
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maximum values of cross-polarization and different cross-polar patterns are expected in these two

cases or at any other distance z.

7.4. ALMA Band 10 Optics Cross-Polarization

As already explained in chapter 4, ALMA band 10 optics is composed of two corrugated horns,
one for each orthogonal polarization, a polarizing wire grid which separates between polarizations,
and two ellipsoidal mirrors which redirect the beam and match it to the secondary. Figure 7.2 shows
a schematic of ALMA band 10 optics.
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Figure 7.2. ALMA band 10 optics schematic

The analysis of ALMA band 10 optics in terms of cross-polarization performance is slightly more
complex than the analysis of band 4 optics, which will be presented in 7.5, due to the extra waist
between ellipsoidal mirrors. However, the Gaussian model introduced in 7.3 can be applied in a
straightforward manner. Moreover, since a wire grid is used to separate orthogonal polarizations,
the cross-polar contributions of horns will be almost suppressed by it and can be neglected as a first
approximation. Therefore, the only elements to take into account are the two ellipsoidal mirrors and
the IR filters and window. The cross-polarization generated at mirrors can be calculated using
equation (7.1). At 864 GHz, the first mirror will add -24 dB and the second one, -26 dB. These values
are very high, but compensate each other as it will be shown. According to ALMA requirements, IR

filters and window cross-polarization must be less than -30 dB.

In order to assess realistic values of expected cross-polarization, the contribution of each
component has been modeled by a single Gaussian mode and phase differences between modes
have been considered. Some software has been developed using MATLAB in order to compute the
total integrated cross-polarization from the system cross-polarization pattern. For a given set of
cross-polarization levels for different components, the co-polar waist size and theoretical phase
differences between co-polar and cross-polar fields are calculated. Then, these values are used to
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create theoretical cross-polarization patterns for each component and to add them with the
appropriate phase difference. All phases are normalized with respect to the co-polar phase at the
waist. The resulting cross-polar field pattern represents an estimate of the cross-polarization pattern
in the waist position. The resulting near-field cross-polar and co-polar fields are then transformed
into far fields and the results are integrated over the surface of the secondary mirror. This
calculation yields an estimate of the integrated cross-polar level, which is the actual ALMA
requirement.

Figure 7.3 shows the evolution of the phase of the fundamental mode with respect to distance
from the horn waist. Horns are behind a wire grid and their cross-polar contribution will be
negligible. The contributions of both ellipsoidal mirrors are in almost opposition of phase and will
approximately compensate each other. Filters and window have a waist between them, which
means the phase will change quickly with distance in that area. This means that the phase difference
for different contributions will be as large as possible for the given distance. All this makes this
design robust in terms of total receiver cross-polarization.
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Figure 7.3. Evolution of Eqy mode phase in ALMA band 10 optics

The phase difference between different contributions in the far field can be estimated and results
are stated in table 7.1. The contribution of mirrors is almost in opposition of phase and the
contribution of filters and window are close to quadrature. Filter 1 and 2 are physically quite close,
but the phase difference between them is more than 20 degrees.

Table 7.1. Far-field phase of different cross-polarization components
normalized to the phase of the cross-polarization at the window
Mirror 1 E10 287.8 deg
Mirror 2 E10 114.3 deg
Filter 1 E10 91.9 deg
Filter 2 E10 67.8 deg

Window E10 0 deg
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The estimated integrated cross-polar levels for several combinations of IR filters and window
cross-polarization levels are presented in table 7.2. Actual measurements are usually around -28 dB,
and in some cases, a little bit worse. Therefore, the simulated results are coherent with
measurement results. This also shows that theoretical cross-polarization values are well within the
-23 dB ALMA specification. Notice also that the results provided by RMS and worst-case analysis are
meaningless in this study case.

Table 7.2. Maximum far-field cross-polarization (in dB) for ALMA band 10 using different models

Mirror 1 -24 -24 -24
Mirror 2 -26 -26 -26
Filter 1 -30 -34 -50
Filter 2 -30 -34 -50
Window -30 -30 -50

RMS combination -20.2 -20.8 -21.9
WC combination -15.1 | -15.7 | -18.4
Gaussian model -24.2 | -27.1 | -36.8

There are two reasons why ALMA band 10 optics works so well in terms of cross-polarization:

1. Thereis an intermediate waist between the two ellipsoidal mirrors in the tertiary optics. This
translates in a phase difference of 173.4 degrees for their cross-polar contributions, which
means that the second mirror cross-polarization component will compensate the first mirror
component. The estimated cross-polarization of the two mirror system is -36.8 dB.
Measurements at room temperature show measurement results better than -34 dB even
with the extra corrugated horn cross-polar leaking through the wire grid. In turn, this means
the receiver cross-polarization will be basically fixed by the IR filters and cryostat window.

2. The final optics waist is located between the two filters and the window. The arc tangent
function which determines the phase difference between contributions varies more quickly
near the waist. That means that even though the two filters are quite close, the phase
difference between their cross-polarization components is more than 20 degrees. In
addition, the difference between the window cross-polar and the first filter cross-polar is
around 90 degrees, which means they combine as an RMS combination. All this translates
into a low final contribution from IR filters and window.

7.5. ALMA Band 4 Optics Cross-Polarization

7.5.1. Analysis of the total system cross-polarization

ALMA band 4 optics (125-163 GHz) are composed of one OMT for separation of two orthogonal
linear polarizations, a dual-mode corrugated horn and two mirrors, one ellipsoidal and one flat,
which refocus and redirect the beam from the secondary into the horn. There are two IR filters and
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one cryostat window between the horn and the ellipsoidal mirror. A schematic of the optics is
presented in figure 7.4.
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Figure 7.4. ALMA band 4 optics schematic

In the case of ALMA band 4, the horn is not behind a wire grid as in the case of ALMA band 10.
Actually, since the polarization separation is performed by an OMT, there are two new cross-
polarization components to be added to the components generated by the mirror, cryostat window
and IR filters. As already mentioned in the introduction, ALMA band 4 did not usually comply with
the -23 dB ALMA cross-polarization specification. Therefore, the cross-polarization performance of
individual components was carefully measured in the laboratory.

OMT cross-polarization (or isolation between OMT output ports for orthogonal polarizations) can
be characterized at these frequencies by commercially available vector analyzers. The results for up
to 53 components are shown in figure 7.5. A statistical analysis of the previous results shows that
the percentage of cases which is better than -25 dB is 86.8%, better than -28 dB is 66%, better than
-30 dB is 41.5%, better than -32 dB is 34%, better than -35 dB is 22.6% and better than -40 dB is 5.7%.
Besides that, the performance at lower frequencies is worse than at upper frequencies.
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Figure 7.5. Cross-polarization performance of ALMA band 4 OMTs

Band 4 prototype corrugated horn cross-polarization level worsens for increasing frequencies and
it was lower than -30 dB at all frequencies. Actually, it was lower than -36 dB in most of the band.
However, the horn is fabricated in two pieces: the horn itself and the transition from circular to
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rectangular waveguide with some of the initial corrugations. The latter piece is just inserted into the
larger piece by pressure. In the case the electrical connection between the two parts is not good,
due to the existence of an air gap between them, cross-polarization has been reported to increase to
even more than -20 dB. Recently, 5 different ALMA band 4 horns have been measured at 7 different
frequencies across the band with the cross-polarization performance reported in table 7.3. The
worse case value for each horn has been highlighted in yellow. Amongst the characterized horns,
only serial number #59 shows a better than -30 dB performance at all frequencies; two horns (#26,
#37) present values around -27, -29 dB; and the other two horns (#36, #48) present quite high levels
at some frequencies. These data show the technical difficulty of manufacturing high quality band 4
corrugated horns with better than -30 dB cross-polarization performance at all frequencies.

Table 7.3. Measured cross-polarization for 5 different corrugated horns (values in dB)

127 GHz 131 GHz 135 GHz 143 GHz 151 GHz 155 GHz 161 GHz

Serial # PO P1 PO Pl PO P1 PO Pl PO Pl PO Pl PO Pl
26 -34.8 | -37.1 | -30.9 | -29.8 | -36.9 | -36.5 | -31.5 | -30.0 | -34.7 | -36.2 | -30.0 | -28.6 | -32.6 | -30.2
36 -38.2 | -34.7 | -314 | -30.6 | -36.8 | -369 | -26.5 | -31.6 | -31.1 | -31.5 | -242 | -29.1 | -284 | -28.5
37 -35.5 | -43.5 | -34.6 | -344 | 425 | -41.0 | -27.5 | -349 | -354 | -39.6 | -28.6 | -27.0 | -30.7 | -30.9
48 -222 | -27.1 | -30.0 | -32.7 | -29.2 | -33.8 | -37.7 | -349 | -30.7 | 314 | -294 | -274 | -31.1 | -31.8
59 -41.8 | -41.1 | -33.6 | -32 | -40.8 | -39.9 | -385 | -39.9 | -38.8 | -394 | -31 313 | -32 | -343

Additional experiments have been performed connecting an OMT with worst-case performance
of -27 dB (around 131 GHz) and horn #36. Results are reported in table 7.4. The horn cross-polar
pattern follows an E;; Gaussian mode, which presents 4 maxima, and the OMT cross-polarization
can be represented by a fundamental Gaussian beam mode. Therefore, their maxima will be located
at different angular locations. As a result, even though both contributions are in phase, they do not
add their maxima in phase, and the measured maxima are not as high as those provided by worst-
case analysis. Actually, results are pretty close to an RMS combination.

Table 7.4. Analysis of the combination of a corrugated horn and one OMT (values in dB)

127GHz | 131 GHz | 135GHz | 143GHz | 151 GHz | 155GHz | 161 GHz
Only horn 36 -34.7 -30.6 -36.9 -31.6 -31.5 -29.1 -28.5
OMT -27.8 -28.7 -28.9 -30.0 -30.4 -31.3 -32.3
Horn 36 + OMT -27.7 -25.9 -29.0 -26.9 -26.7 -25.4 -27.7
R.m.s. combination -26.9 -26.5 -28.3 -27.7 -27.9 -27.1 -27.0
Worst-case comb. -24.5 -23.6 -26.0 -24.7 -24.9 -24.1 -24.2

The ellipsoidal mirror used to refocus the beam has a focal distance of 150.474 mm and a semi-
bend angle of 30 degrees. The size of the beam at the mirror is 23.59 mm at 144 GHz. Therefore,
using equation (7.1), the theoretical cross-polarization due to the mirror is -28.2 dB at 144 GHz. The
frequency dependence of this cross-polarization contribution is small.

The first IR filter (at 15K shield) is located 7.5 mm away from the horn aperture and is a 0.85 mm
thick layer of Goretex tilted 2.2 degrees with respect to the optical beam. The second filter (at 110K
shield) is located at around 15 mm from the horn aperture and it is composed of molded PFA with
anti-reflecting coating using triangular grooves, as shown in figure 7.6. It is tilted 3.2 degrees. The
cryostat window is made of HDPE Fineline resin grade with the antireflection coating geometry
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shown in figure 7.7 and tilted 1.2 degrees. The characterization of window and filters has been
performed for beam incidence normal to the filters as indicated in [122]. These measurements show
that both filters and window were compliant with the ALMA requirement of -30 dB for these
components.

Figure 7.6. Band 4 110K IR filter

870

(5501°6)

#80

Figure 7.7. Band 4 Cryostat window

The core structure of ALMA band 4 optics: OMT + corrugated horn + mirrors, has been
characterized at room temperature and cross-polarization levels have been measured for all the
horns above and for a very good OMT (worst-case XsP = -35 dB). The same measurements have been
performed with IR filters and cryostat window and results have been compared. Figure 7.8 shows
the frequency behavior of the integrated cross-polarization level at the secondary mirror. The
current ALMA specification indicates that this value must be better than -23 dB at all band 4
frequencies. The performance degradation that occurs when window and filters are included in the
system is clear. Except for the optics which use corrugated horn #48 (high XsP at 127 GHz as
indicated in table 7.3), all the other ALMA band 4 optics are well within specifications. The insertion
of window and filters makes that the complete system integrated cross-polarization is out of
specifications, especially at frequencies at the band edges. It is important to point out the unusual
high cross-polarization degradation which affects the optics performance at 131 GHz. At some points,
in the center of the band, it looks like the insertion of window and filters slightly improves the cross-
polarization. However, this slight improvement must be due to measurement errors.

The results of measurements without window and IR filters have been used to calculate expected
RMS and worst-case values of cross-polarization when window and filters with XsP level of -30 dB
are included. These results are plotted against the real measurements of integrated cross-
polarization in figure 7.9. The results at central frequencies show that cross-polarization level is
better than the RMS combination. However, as it will be shown later, and since almost all cross-
polarization individual components are almost in phase, this can be understood as the filters and
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window having better performance than -30 dB. In the case of the edges of the band, the
performance is degraded to values worse than the RMS combination. Finally, the system integrated
cross-polarization at 131 GHz is dramatically degraded by window and filters. In the case of
polarization PO, the measurement results are worse than worst-case combination of cross-
polarization fields. This phenomenon will be explained in detail later in this chapter and it is due to
an extra degradation of the horn cross-polarization due to dielectric loading from the IR filters.
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Figure 7.8. Integrated cross-polarization measurement with and without IR filters and windows
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Figure 7.9. RMS and worst-case levels compared with measured integrated cross-polarization level

After analyzing the expected cross-polarization of each ALMA band 4 component in detail, it is
time to check how the different contributions will combine using the method introduced in section
7.3. In the case of band 4, there are fewer components than in the analysis for band 10 and it is
possible to write down a not-too-long formula for the cross-polar pattern at the waist using the
cross-polar patterns of all individual components of band 4 optics. This formula is stated in equation
(7.20), where all sub-indexes can be easily understood.
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Using (7.20), the phase difference for each contribution at 144 GHz at the waist position can be
calculated. Results are presented in table 7.5. Almost all the contributions of components which can
be modeled with an E;; mode are almost in phase. This is not good in terms of system performance,
since they will add almost as a worst-case combination.

Table 7.5. Phase of different cross-polarization components at band 4 waist position
oMT EOO 0 deg
Horn E11 268.2 deg
Filter 1 E10 87.9 deg
Filter 2 E10 82.9 deg
Window E10 72.1 deg
Mirror E10 58.2 deg

The evolution of the phase of the co-polarization fields with respect to distance to the horn waist
is presented in figure 7.10. This figure indicates the phase with which different cross-polar
components generate. Notice that the phases in filters and window are very close and cross-polar
components will add almost in phase. This means that if levels are the same for all these
components, total cross-polarization will degrade 9.5 dB by inserting them in the optical path.
Therefore, even if their individual cross-polarization performance is better than for example -36 dB,
their total cross-polarization contribution will be around -26.5 dB.
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Figure 7.10. Evolution of Eqy mode phase in ALMA band 4 optics

The current cross-polarization specification and achievable performance for each component is
given in table 7.6. The current filter cross-polarization specification states that the combination of
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both filters must produce less than -30 dB. Since the cross-polar radiation of both components adds

almost in phase, each filter must add less than -36 dB.

Table 7.6. Cross-polarization specifications and good values for different components

Component Cross-polarization specification (dB) | Good cross-polarization (dB)
oMT -25dB -28 dB
Corrugated horn -27 dB -30dB
Filters -30 dB (-36 dB each) -32 dB (-38 dB each)
Window -30 dB -40 dB
Warm Optics -28 dB -28 dB

A first simulation of the integrated cross-polar level has been done with the specification values
in table 7.6. The resulting integrated cross-polar level is -18.0 dB and maximum cross-polar levels in
the near and far field are -18.1 dB and -17.3 dB, respectively. The values for RMS and worst-case
combinations are -13.8 and -20.6, respectively. Cross-polar patterns are presented in figure 7.11. In
the case that the good performances in table 7.6 are considered, -20.1 dB can be achieved, with
maximum cross-polarization in the near and far field regions of -20.0 dB and -19.6 dB, respectively.
The values for RMS and worst-case combinations are -16.3 and -22.8 dB, respectively. Notice that
the -23 dB ALMA requirement is not realistically achievable even for good performance components.
The frequency dependence due to the change in waist size is minimal. Therefore, the existing
frequency dependence is due to the change of each cross-polarization contribution with frequency.
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Figure 7.11. Calculated far- and near-field cross-polarization patterns
at 144 GHz for ALMA band 4 optics

Since many optical components have been individually characterized during this study, the results
of the Gaussian model can be compared to measurements in order to check the accuracy/validity of
the model. Firstly, the model has been applied to the combination OMT + horn + mirror. The values
used for the cross-polarization of each component are those measured for each component
previously. In the case of the ellipsoidal mirror, the theoretical value of -28.2 dB has been used. The
results of the calculations using RMS / worst-case combinations and the Gaussian model are
presented in table 7.7. The Gaussian model generally gets the results closest to measurements.
Differences are within possible measurement errors.

142



Table 7.7. Integrated cross-polarization estimation for the combination of several contributions
(all values in dB)

H59 144GHz | H59 131GHz | H48 127GHz | H36 144GHz

oMT -40.0 -36.0 -36.0 -36.0
horn -38.0 -32.0 -22.2 -26.5
warm optics -28.2 -28.2 -28.2 -28.2
RMS -27.5 -25.8 -21.1 -23.8

wC -24.2 -22.0 -17.6 -19.8
Model -27.1 -26.1 -20.8 -23.6
Measurement -27.0 -26.2 -20.4 -23.4

The values of cross-polarization introduced by the IR filters and cryostat window have not been
measured for the components available in the ALMA band 4 laboratory. However, it can be seen that
filters cross-polarization equal to -36 dB and window cross-polarization equal to -40 dB produce
acceptable matches between the model and the measurement results in several cases. Table 7.8
summarizes the results of the model and RMS / worst-case combinations at 131 GHz.

Table 7.8. Estimation of cross-polarization in filters / window at 131 GHz using the Gaussian model
(all values in dB)

Polarization PO Polarization P1

H26 H37 H48 H26 H37 H48

131GHz | 131GHz | 131GHz | 131GHz | 131GHz | 131GHz
oMT -36.0 -36.0 -36.0 -36.0 -36.0 -36.0
horn -34.8 -35.5 -22.2 -29.8 -34.4 -23.7
15K filter -36.0 -36.0 -36.0 -36.0 -36.0 -36.0
110K filter -36.0 -36.0 -36.0 -36.0 -36.0 -36.0
window -40.0 -40.0 -40.0 -40.0 -40.0 -40.0
warm optics -28.2 -28.2 -28.2 -28.2 -28.2 -28.2
RSS -25.7 -25.8 -20.8 -25.0 -26.1 -21.8
WC -18.8 -18.9 -15.2 -18.9 -20.0 -15.8
model -21.3 -21.3 -18.7 -20.8 -21.2 -19.3
measurement -194 -194 -19.0 -20.9 -20.8 -20.5

In summary, there are two reasons why ALMA band 4 cross-polarization level is high:

1. All optical components are pretty close to each other and the phase with which cross-
polarization components are generated is very similar. This results in almost-in-phase cross-
polar E-field combinations of the cross-polarization contributions of the IR filters, the
cryostat window and the ellipsoidal mirror in the warm optics.

2. The warm optics is composed of only one ellipsoidal mirror which generates cross-
polarization. Its maximum value of cross-polarization is around -28 dB and this contribution
is not compensated by any other component, as opposed to band 10 optics. This means that
even if the IR filters and window are very good in terms of cross-polarization, the total
system cross-polarization cannot be better than -28 dB. Even in the case of good filters and
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windows, the -23 dB ALMA specification cannot be achieved for current production
components at all frequencies.

7.5.2. Research on the frequency dependence of system cross-polarization

After the -23 dB ALMA requirement was proved to be too stringent for ALMA band 4 current
optics design, this requirement was relaxed to -20 dB (-19 dB at the edges of the band). This new
specification continues to be challenging but it can be met by many of current components
according to the Gaussian model introduced in 7.3. After this change of specifications, the ALMA
band 4 team was requested to measure cross-polarization every 1 GHz in the entire band for 5
different receivers. This means a tremendous amount of work and it is rarely done in normal
circumstances. This measurement campaign showed that all the receivers show cross-polarization
peaks at certain frequencies which depend on the operation temperature and IR filters configuration.
These cross-polarization peaks are often non-compliant even with the new ALMA specification and
appear even if all components in the RF path show excellent performance. Figure 7.12 shows the
results of these measurements for polarizations PO and P1. Such level of detail in the measurements
allows a clear observation of the cross-polarization frequency behavior and its repeatability for
different receivers. Moreover, the measurements in figure 7.12 show that the frequency
dependence is different for orthogonal linear polarizations PO and P1, and that peaks are at
approximately the same frequencies for a given polarization and for all measured cartridges. In order
to properly understand this frequency behavior, all components in the RF path which could
introduce some frequency dependences as those found in experiments have been analyzed with full-
wave electromagnetic simulations using HFSS [104]. These components are the OMT and the IR
filters. The square waveguide connection between the corrugated horn and the OMT has also been
studied.
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Figure 7.12. Cross-polarization behavior with respect to frequency
for orthogonal linear polarizations PO and P1 for 5 different ALMA band 4 cartridges
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7.5.2.1. Connection between horn and OMT

The connection between the corrugated horn and the OMT is done by means of a 1.65 mm
square waveguide. This waveguide is overmoded at band 4 frequencies and there are four
propagative modes in most of the band, as shown in table 7.9. Figure 7.13 presents the field
distribution for each of these four propagative modes. The connection between the horn and the
OMT will not always be ideal. The difference in the size of the two waveguides and the assembly
misalignment are factors to consider. Full-wave electromagnetic simulations with HFSS have been
performed in order to understand what the effect of these defaults is on cross-polarization. The
HFSS schematic is shown in figure 7.14.

Table 7.9. Cut-off frequency of modes in a 1.65 mm square waveguide [123]

Modes (humber) | Cut-off frequency (GHz)
TE10, TEO1 (1, 2) 90.846
TE11, TM11 (3, 4) 128.476

TE20, TEO2 181.692
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Figure 7.13. Electric field distribution for the propagative modes in ALMA band 4 square waveguide

Figure 7.14. HFSS schematic for the analysis of overmoded square waveguide connections

Results of isolation (similar to OMT cross-polarization level) between orthogonal waveguide
modes are presented in figure 7.15. S-parameters notation is as follows: S(output port : mode
number, input port : mode number), where the mode number is between parenthesis in table 7.9.
Figure 7.15 shows the following cases: no misalignment between waveguides (0x0 pm),
misalignments in x and y ranging from 10 to 30 um (10x10 um, 20x20 pum and 30 pm), misalignment
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in only one axis (0x10 um, 0x20 um, 20x0 um) and two waveguides with the same axes but with a
size difference of 20 um. Moreover, the case of 20x20 um has been simulated with a shrink and an
expansion of 1% of all dimensions to see what the effect of changing the waveguide size is.

Results show that there is a resonance in isolation between modes TE,y and TEy;, S(2:2, 1:1), in
the cases of misalighnments in both axes. Misalignments in only one axis do not generate significant
resonances. The frequency of the resonance is exactly the same as the cut-off frequency of modes
TE,; and TMy;. The peak magnitude of the resonance increases when misalignments increase. Peak
values are much higher than the average isolation values. The change in waveguide dimensions
changes the position of the resonance, since the cut-off frequency of higher order modes also
changes. A change in waveguide size in the horn - OMT connection does not seem to have significant
effects on isolation.
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Figure 7.15. Isolation between fundamental modes S(2:2,1:1) due to horn and OMT misalignments

In order to explain these results, it is necessary to look into more S-parameters. Figure 7.16
shows all coupling S-parameters for the cases of misalignment in only one axis (in x: 20x0 um, and in
y: 0x20 um). The first thing to notice is that only one of the modes TE 4o, TE,; converts into TE;; and
TM1; depending on the axis in which the misalignment occurs. Mode TE,, will convert into TE;; and
TM 1, when the shift is in y; and mode TEg; will convert into TE;; and TMy; when the shift is in x. The
isolation between TE,, and TE,, is very high in all cases (more than 100 dB). However, the
conversion into higher-order modes is very high, especially at the cut-off frequency of these modes.
In the case of 20 um misalignments, the peak of this mode conversion is around -20 dB. This is the
key to explaining the degradation of cross-polarization in the case of misalighments in both axes.
Energy of modes TE g, TEy; converts into modes TE;; and TM; and then, if the shift in the other axis
also exists, modes TE,; and TM; are converting back into TE,, and TE;. In this process, energy from
mode TE 4, will end up as mode TE,; and vice versa. Numerically, in the case of 20 um shifts, notice
that a double mode conversion with a peak value of -20 dB would degrade isolation between modes
TE41 and TEy; to -40 dB, which is exactly the value simulated with HFSS for the case of 20 x 20 um.
The conversion between modes TE,q and TEy; happens via mode TM4;. The conversion from modes
TE, and TEy; into TE;; decreases at the resonance frequency. Figure 7.17 shows all mode
conversion parameters for the case of misalignments in both axes. The peak magnitude value of
S(2:2,1:1) is half the value in dB of the peak of the magnitude of S(2:4,1:1( or 2)).
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In conclusion, the misalignhment between horn and OMT square waveguides can potentially
generate a cross-polarization peak at around 128 GHz. Modes TE;o and TEy; convert into each other
by means of an intermediate conversion into mode TM;. It is necessary to have misalighments in
both axes to have this sharp increase in cross-polarization. This cross-polarization peak can be
removed by properly aligning the horn and the OMT.
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Figure 7.16. Coupling between different modes due to waveguide misalignment in one axis

0
—0x0um S2:2,51:1
. S ----0x0um 52:3,51:1
B 40 D A e T T
o] — - 0xOum S2:4,1:1
% ——10x10um S2:2,1:1
.g — ----10x10umS2:3,1:1
= T — . 10x10umS$2:4,1:1
g T————— —20x20umS2:2,1:1
— ----20x20um S2:3,1:1
B -100 i
: — - 20x20um S2:4,1:1
e — . T —30x30umS2:2,1:1
-120 =--= -7 |
= ----30x30um $2:3,1:1
—-30x30umS2:4,1:1
-140
120 130 140 150 160
frequency (GHz)
o]
-20 2
—0x0um S2:3,1:2
— ----0x0um $2:4,1:2
o 40
kel [ — - 0xOum S2:4,1:3
(] ——10x10umS2:3,1:2
o 60
'g ----10x10umS2:4,1:2
c . — - 10x10um$2:4,1:3
by 80 i X um
g fo—im— . —20x20umS$2:3,1:2
= P e B e — T T ----20x20umS2:4,122
=100 Flils= i g e g L
I A g A = — . 20x20umS52:4,1:3
120 S —30x30um 52:3,51:2
= ----30x30um 52:4,1:2
— - 30x30umS2:4,1:3
-140
120 130 140 150 160

frequency (GHz)
Figure 7.17. Coupling between different modes due to waveguide misalignment in two axes
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7.5.2.2. OMT analysis

Firstly, the ideal OMT has been simulated with HFSS. Then, the misalignment between horn and
OMT has been included in the simulations. Finally, the assembly error between the two metal blocks
which compose the OMT has been considered together with the input misalignment, as presented in
figure 7.18.

Figure 7.18. OMT schematic including assembly errors and misalignments

The results of introducing the input waveguide misalignment and the OMT assembly error are
shown in figures 7.19 and 7.20. The return loss (RL) for mode 1 (Pol 0) does not change much. RL for
mode 2 (P1) changes but does not show much degradation. There is a resonance at 136.5 GHz
which appears when the assembly error gets large. However, this resonance does not show up in
isolation curves. Somehow, this indicates there is some strange mode excited at around that
frequency. Isolation also degrades at all frequencies with increasing assembly errors. When the error
is small (2 um), the main feature in isolation curves is the resonance at 128.5 GHz due to the input
waveguide misalignment. The ripples in that curve are related to the distance between the
simulation input port and the misalignment plane. For increasing errors, the isolation degrades, the
ripples disappear and the resonance is masked by the low isolation values.
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Figure 7.19. OMT Return Loss considering assembly errors and misalignments
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Figure 7.20. OMT Isolation considering assembly errors and misalignments

Measurement results presented in figure 7.5 are similar to HFSS simulations in figure 7.20.
Ripples are large when isolation is good and small when the isolation is bad. The improvement of
isolation with frequency is also similar to simulations. The values of isolation compared to
simulations can provide an estimate of the actual assembly errors. Most OMTs show isolations which
correspond to a simulated 5 um assembly error. OMTs with very bad isolation (less than 25 dB)
should be reassembled in order to improve their performance. These measurements were done by
network analyzer and using a rectangular to square transition in the input. This transition and a good
assembly are the reasons why there are no resonances at 128.5 GHz due to the square waveguide
misalignment.

In short, assembly errors do not change RL much, but degrade the isolation to an almost constant
value at all frequencies. There seems to be no resonances in the isolation. There are two resonances
in RL at 125.5 GHz for PO and at 136.5 GHz for P1. An improvement in isolation can be achieved by
reducing the assembly error.

7.5.2.3. Infrared filters analysis

HFSS has been used to simulate the transmission of electromagnetic waves through ALMA band 4
IR filters. Simulations have been set up using Floquet modes and Master-Slave conditions to
reproduce periodic conditions and avoid the simulation of huge dielectric structures. Floquet modes
are a decomposition of plane waves in different components. Each particular structure can
propagate a number of Floquet modes while the higher order modes are evanescent. The first two
Floquet modes correspond to fields aligned along x and y or what we call polarizations PO and P1. In
order to use Master-Slave conditions, the tilt of the IR filter can be simulated by tilting the incident
electric fields. This can be easily done in the setup of the Master-Slave boundary conditions.
However, if both filters are included in the simulation, the same tilt angle must be chosen for both of
them. The effective change in the 15K filter thickness by considering a 3.2 degree tilt is only 0.09%.
This is a minor change from the real situation but it is worth to keep it in mind. Using this simulation
setup, modal parameters of the dielectric structure can be calculated: reflection loss and coupling
between polarizations, Y-parameters... This setup can be used to calculate the generation of cross-
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polarization due to the IR filters alone. The schematics of the HFSS simulations of individual filters
are presented in figure 7.21.

10{mm) 15 30 (mem)

Figure 7.21. HFSS schematics of individual IR filters

Observation of the 110K filter under the microscope shows that the actual triangles in the filter
anti-reflection layer are not perfect. There is truncation of the triangle tip in all triangle rows and,
additionally, many of these triangles are tilted. These two effects have also been simulated in HFSS
as shown in figure 7.22.

Figure 7.22. IR filter anti-reflection layer imperfections as simulated in HFSS

Results of cross-polarization coupling between orthogonal linear polarizations are presented in
figure 7.23. They show no significant cross-polarization generation due to the IR filters. Cross-
polarization degrades with tilted teeth and this is probably the main mechanism why measurements
are around -35/-40 dB for actual filters. Ideal filters would add negligible cross-polarization. The
effect of dielectric teeth truncation is negligible. Actually, performance seems to improve but it is
only because there is less dielectric left in the optical path after truncation.

Reflection loss results are presented in figure 7.24 for the sake of completeness. Ideal filters show
reflection loss better than -25 dB at ALMA band 4 frequencies. However, fabrication defaults in the
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110K filter, especially t

eeth truncation, degrade the reflection loss and make it different for

orthogonal linear polarizations PO and P1.
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Figure 7.23. Simulation results of cross-polarization coupling
between linear orthogonal polarizations due to IR filters
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Figure 7.24. Simulation results of Reflection Loss at the IR filters,

After analyzing each f
figure 7.25. The exact dis
to determine. Different A

including common fabrication defaults

ilter on its own, a HFSS model with both filters was prepared as shown in

tance between filters in the real laboratory measurement setup is difficult
LMA band 4 documents have values slightly different for the distances, due

to the tilt angle of the IR filter support structure. In addition, the tilts of both IR filters will be the
same in the model, even if they are actually 2.2 and 3.2 degrees for the 15K and 110K IR filters,
respectively. This will be a possible source of disagreement with measurements which must be

considered. Furthermore,

the actual beam will be a Gaussian beam with incidence in different angles

from the main pointing angle, and not a plane wave as simulated with HFSS. All these effects will

have a bigger impact on

PO, which is the polarization tilted with respect to the IR filters plane.

However, these simulations are good enough approximations to reality and worth analyzing. Cross-
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polarization coupling and reflection loss have been calculated using HFSS for the combination of the
two filters at different distances and are shown in figures 7.26-7.27.

) 15 30 (mm)

Figure 7.25. HFSS schematics for the simulation of the two IR filters together
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Figure 7.26. Simulation results of cross-polarization coupling between linear orthogonal polarizations
due to IR filters. Distances are from horn aperture to 15K filter and to 110K filter, respectively
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Figure 7.27. Simulation results of Reflection Loss at the IR filters.
Distances are from horn aperture to 15K filter and to 110K filter, respectively
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Cross-polarization values are really low and cannot explain the degradation in measurements.
Reflection losses are very similar to those obtained with individual IR filters. Values of input
admittance vary very much for small changes in distances, even in the order of tenths of mm, as just
shown in figure 7.27. This is due to changes of input admittance/impedance at the simulation wave

port due to the different distances between dielectric layers.

7.5.3. Influence of IR filters on the corrugated horn

Room temperature cross-polarization measurements with different combinations of IR filters and
cryostat window in the optical path have proved the influence of the 110 K filter in the generation of
cross-polarization peaks, as shown in figure 7.8. More detailed results, with different combinations
of IR filters and window are presented in figure 7.28 for both polarizations, PO and P1. When the
window is removed, the decrease in cross-polarization is minimal in both polarizations. However,
when the 110 K filter is removed, it improves dramatically at those frequencies at which it was high.
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Figure 7.28 . ALMA band 4 cross-polarization measurement results with different combinations of IR
filters and cryostat window
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Even though the influence of IR filters on the generation of the cross-polarization peak is clear, it
was shown in section 7.5.2.3 that the IR filters alone do not generate high cross-polarization at any
frequency. A probable explanation of the strong dependence of cross-polarization performance on
IR filters is that the co-polar and cross-polar radiation patterns of the antenna are modified by the
presence of the dielectric structure just on top of the aperture. The effective impedance that the
aperture sees is not that of free space, but that of the combination of dielectric layers followed by
free space. In other words, the IR filters are loading the horn aperture and effectively changing the
horn performance. This will be analyzed theoretically in the analyses which follow.

7.5.3.1. Electromagnetic fields in terms of input admittance
Using Maxwell equations, the curls of the electric and magnetic fields can be expressed as:

VxE = —-M — jmuﬁ (7.21)
VxH = T+ ju)sﬁ (7.22)

where J and M are the electric and magnetic currents, respectively. Taking the curl on both sides
of (7.21) and using the result in (7.22), the wave equation for E (7.23) can be obtained:

VZE + w2peE = jou] + VxM (7.23)

After some manipulations in the spectral domain and using dyadic notation and spectral Green
functions [124], (7.23) can be expressed in a more compact fashion as stated in (7.24):

E(kyw ky ky) = Gy(ke Ky, Ky ) T (ke Ky Kz) + Gu(ky Ky Kz ) - M(ky, Ky, k) (7.24)

where G, and Gy, are the dyadic Green Functions in k-space for electric and magnetic currents,
respectively.

In the case of a horn with its aperture in the z=0 plane, currents will be entirely contained in this
plane. Therefore, if the k, dimension is transformed back to z, the previous expression can be
written as (7.25). The dependence of G, and Gy, on z and the indication that currents are at z=0 will
be omitted hereon in order to simplify notation.

E(ky ky,2) = Gy(ky ky, 2) - [(ky, ky, 0) + Gy (ky Ky, 2) - M(ky, ky, 0) (7.25)
The spatial components of the E-field can be expressed using inverse Fourier transforms as:

Ex(x,y,z) =
e_ikZZ

e I G (R k) + Gaay My (ko ) + Gy (o ) +
G My (Kx, Ky ) | e Hx%e T dk, dk,, (7.26)

Ey(xy,2) =
e_ikZZ

(2m)? ffjozo[Glyy]y (kx' ky) + GMyxMx(kx' ky) + Glyx]x(kx' ky) +
Guyy My (ky, ky )| e TRxXe Y dk, dky (7.27)

154



where the different components of the spectral Green Function dyadics, G, and G,,, multiply the
different components of the currents in the horn aperture. The two components in the first line of
each equation are co-polarization and the two components in the second line are cross-polarization.

On the other hand, these spectral Green function components can be written using TE and TM
voltages of an equivalent transmission line scenario with electric or magnetic generators indicated in
the superscripts of V1¢/Vw as j and m, respectively [125], as stated in the group of equations (7.28):

j j
Grow = — KEVrM+k§ Vg
Jxx KZ+k2
kxKy j j
GIXy T KEHKE (VTE —Vr ) - Glyx
j j
G = — kG Vi +kEVrg (7.28)
IYY - k2+k2 .
x+Ky
Gaex = o (VI — VIB) = —G
Mxx — k)2(+k§,( ™ — TE) - T UMyy
Gaty = — KEVEM+KG VIR
Xy kZ+k3
G _ KZVE+KEVIE
Mxy K2+k2

Using the equivalent transmission line circuits and considering the input admittance Y;,, the
different voltages can be expressed as:

Yo+Yin TETM
2

VIET™M = (7.29)

j —
VrgT™ = PNET— (7.30)

Using (7.29)-(7.30), the E-field components can be finally expressed as (7.31)-(7.34):

Excop =
2e7kzZ 1o 1 k2 KZ —jkyX a—jk
oo e g (Yowm +YO+YiynTM)(]x(kx,ky) YoM, (I ky ) ) e o0t TV dk i,
(7.31)
Exxsp =
2e7K2% oo kyky Yin tM—Yin TE —jRyX p—jkyy
(2m)? ff_oo k)2(+k§, (Yo+Yin ™) Yo+Yin TE) (]y(kx, ky) + YOMx(kXJ ky)) e JKxXa Y dkxdky
(7.32)
E =
y CoP
2e7kzZ 1o 1 k2 KZ —jkyX a—jk
oo e g (YO”mTM +Y0+YyinTE) (Jy (e ky) = YoMy (i, ky ) ) e e v di, dik,
(7.33)
EstP =
27Kz oo kyky Yin TM—Yin TE —jkyX o —jk
(21-[)2 ff_oo k)2(+k§, (Y0+Yin TM)(YO"'Yin TE) (]x (kX) ky) + YOMy(kX’ ky)) e ] Xe dekxdky

(7.34)
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It is clear from (7.32) and (7.34) that cross-polarization can be calculated from the Fourier
transforms of the electric and magnetic currents in the aperture and from the input admittance of
the RF path seen from the horn aperture. The cross-polarization for both orthogonal linear
polarizations depends on the same coefficient which multiplies the currents. This coefficient is in
general a complex number and so are currents. This makes the interpretation of this formula difficult.
The formulas for co-polarization, (7.31) and (7.33), indicate that the beams change when the input
admittance differs from Y, and those changes depend on frequency via k4 and k,.

The previous formulas for cross-polarization have been derived considering that the dielectrics
can be well modeled by a transmission line equivalent circuit. However, this is just an approximation
in this case due to the tilt of the filters with respect to the RF path. Moreover, the 15 K filter is tilted
2.2 degrees whereas the 110 K filter is tilted 3.2 degrees. This makes that reflections between
components will be getting further and further away from the optical axis with each reflection, and
even first-order reflections will be tilted. This will make standing waves difficult, whereas the
transmission line equivalent circuit assumes the existence of standing waves.

The coefficients depending on input admittances which multiply the aperture currents do not
depend on k4 and k, and can be brought out of the integrals in (7.32) and (7.33). Finally, since the
object of this study is the cross-polarization magnitude, it is appropriate to take the magnitude of
the complex expressions. This yields the next two expressions (7.35)-(7.36) for the magnitude of
cross-polarization:

|Exxsp| =
2

(2m)?

YinT™M—YinTE
(Yo+YinTt™)(Yo+YinTE)

i f_*jlg"Tkkyg (Jy (ko Ky ) + YoM (K Ky ) ) e-ikxxe-ikdekXdky|
(7.35)

|Ey xsp| =
2
(2m)2

Yin ™M —Yin TE
(YO +Yin TM)(YO +Yin TE)

[T k};;klfg (J (s y) + YoMy (o Ky ) e—ikxXe—ikdekXdky|
(7.36)

The cross-polarization magnitude expression is very similar for different polarizations. There is a
coefficient depending on admittances which multiplies an integral depending on aperture currents.
Since the admittance coefficient is common in (7.35) and (7.36), the different cross-polarization
frequency behavior for different polarizations must be explained by the difference of currents
integrals in (7.35) and (7.36). The integrals are difficult to compute without the appropriate software
and therefore, the exact frequency dependence for each polarization cannot be calculated at the
moment. However, the admittance term can be readily calculated using HFSS and provides some
interesting conclusions. Results of HFSS simulations including both IR filters are presented in figure
7.29 for the cases of dielectric constants and thickness representing room-temperature and
cryogenic conditions. As expected, curves are very similar and shifted to higher frequencies in the
case of cryogenic conditions (smaller dimensions). Several simulations with different horn-to-filter
distances and with slightly different dielectric constants have been performed, and results show
minimal differences as presented in figure 7.30 for distances at room temperature.
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Figure 7.29 shows that at most frequencies, the coefficient multiplying the integrals in (7.35)-
(7.36) is greater than 0 dB and, therefore it amplifies the cross-polarization associated to the integral.
However, at frequencies higher than 155 GHz, it is usually negative (in dB) and, therefore, it
attenuates the cross-polarization. It also presents a zero around 136-137 GHz, which causes
attenuation. This agrees with measurement results, which show generally low cross-polarization at
higher frequencies and in the range 131-134 GHz for both polarizations. The position of this zero
differs, but this small difference can be explained by the strong dependence of the position of the
zero on the 110 K filter thickness, as shown in figure 7.31. Results of simulations with different
thickness of the 15 K / 110 K filters show that the position of the zero depends only on the thickness
of the 110 K filter, as shown in figure 7.32. Concretely, a change of only 0.1-0.2 mm in thickness
makes the zero shifts to the range 131-134 GHz, as measured for band 4 cartridges.
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Figure 7.29. Admittance coefficient at room-temperature and cryogenic conditions
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Figure 7.30. Admittance coefficient for different values of the distances from horn to filters at room
temperature
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Figure 7.31. Admittance coefficients for small changes of the 110 K filter thickness
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Figure 7.32. Admittance coefficients when the thickness of IR filters changes

7.5.3.2. Changes in input admittance

The corrugated horn aperture input admittance is a key parameter to understand how the two
infrared filters affect the horn radiated fields [126]. For the horn alone, the input admittance can be
expressed as the parallel of some admittance which depends on the horn and the free space
admittance Y,. When the IR filters are used, there will be an extra admittance related to the IR filters
in parallel with the previous two. This change in admittance can be calculated using HFSS, by
calculating the input admittance of the IR filters dielectric structure and subtracting Y,. Additionally,
a theoretical expression for the change due to dielectrics can be derived from the expression of
admittance, as it will be shown.

The input admittance can be calculated as indicated in (7.37):

-2 px__2%2 —j
Yi, = e p* = e {Re(P) —jIm(P)}, (7.37)
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where V is the aperture voltage reference and P is the Poynting vector, which can be calculated
from the fields in the aperture AP, Exp and Hap, as stated in (7.38) in the spectral domain (ky,ky):

P=— 7 [""(Exp x Hipp) - 2 dkydk,, (7.38)

T gn2J-o
- —
where E,p and H pp are the Fourier transforms of Exp and Hup, and can be expressed as:

E(ky Ky, 2) = f(ky, ky )e T2 = £,2 + £,9 + £,2 (7.39)

{ kz —k2Z —kZ fork®*>kZ+ks (Propagative waves)
with k,=

L k% + k2 —k? fork?* <kZ+ks (Evanescentwaves)

and where f, and f, represent co-polar and cross-polar components or vice versa.

The z-component of f can be calculated from the other two components as follows:

fky+fyky

f, = K

(7.40)

The electric field can be recovered from (7.39) using the inverse transformation in (7.41):

= 1 (40 40 2 i

E(xy,2) = 7 177 E(ky Ky, )e I koy) dic, dky,  (7.41)

The spectral fields in the aperture (z=0) can be easily expressed in terms of components of f as:

Ear = E(kyky, 0) = R+ £,9 (7.42)

Hap = H(ky ky,0) = — % (fxK) = % [&(Fky — fyk,) + 9(fek, — £k, + 2(F,ky — fiky )]
(7.43)

Using (7.42) and (7.43), the product (gAp X }T‘;{P) - Z can be expressed as:

2 7% A 1 * 2 * *
(Eap x Hip) 2= [|fx|2(kz2 +k2) + [, (kg% + K2) + ZkayRe(fxfy)] (7.44)
Using (7.44) in (7.38) and after some manipulations, the input admittance can be expressed as:

Yin =

1 1

4m?|V|2kn ﬂk§+k§5kz [kz-k2-K2

(k2 = K2) 1612 + (<2 = KD|fy|” + 2kkyRe(fefy)]| dicydicy +
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. 2 .
Jffk§+k§>kz\/? (k2 = K2)IEI? + (k2 — K2y + 2kykyRe(fify )| dkxdky}

(7.45)

The real part of the admittance corresponds to the region of radiated fields and the imaginary
part corresponds to the region of evanescent reactive fields. The expression in both integrals is the
same for the real and imaginary parts. The only difference between them is the integration region.
From this point on, only the expression for the real part of the admittance will be provided.

When dielectrics are put in front of the horn, Y;, will change by some value AY;, which can be
expressed as the difference of the input admittance of the dielectric structure and the free space
admittance. The change AY;, can be calculated from (7.45), considering the initial fields fy, f,0
change by an amount Af,, Af,. These changes also mean changes in co-polar and cross-polar electric
fields.

Let’s consider that the original f,, becomes f, after the IR filters are put close to the horn and the
same for f,. Then,

e (ko ky) = o (ki ky ) + Afy (Kyo Ky ) (7.46)
£ (ke ky) = fo(Ke Ky) + AF, (ke ky) (7.47)

The change in admittance can be calculated by introducing (7.46)-(7.47) in (7.45) and grouping all
the terms which correspond to the original admittance. Doing this for the real part of the admittance,
(7.48) is obtained.

BRe(Yip) = 75 2|V|2kn'
[ iz ce —= ,7 |(k2 = K2)(I8f,12 + 2Re(f50Af,)) + (k2 — K2) (|Afy|2 + ZRe(fy*OAfy)) +
X y- 2 kZ
2kyky (Re(FioAfy ) + Re(£5ofy) + Re(AfeAfy"))| diydky (7.48)

By design, one of the field components f, or f, will be much larger than the other, since one
represents co-polarization and the other cross-polarization. Additionally, the variations in co-
polarization can be considered much smaller than the maximum of the co-polarization. Using these
approximations, expressions for the change in input admittance (7.49)-(7.50) can be derived for the
case f,>>f,.

ARe(Y;) ~ Re{[(k? — k2)Afy + kekyAf, ] - £} dkydk,

1
2Tt2|V|2kr] ffk?ﬁkf,skz ﬁkz 12

(7.49)

Alm(Y;,) ~ k2)Af, + kekyAf,] - £} dkydk,

_r _r 2
2n2|V|2kn ffk§+k§,>k2 F 212 Re{[(k

(7.50)
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For the other polarization (PO or P1), f,<<f,,

1 1 *
ARe(Yin) = m-ﬂki+k§skz —Z_ZRE{[G{Z - k)z()Afy + kxkyAfX] . yO} dkxdky

k2 —K2 K2
(7.51)

1 1 *
x Ky

(7.52)

Equations (7.49)-(7.52) indicate that changes in input admittance are due to changes in the fields
radiated by the horn or vice versa. These two magnitudes are thus related. However, it is not easy to
get a clearer relationship between them from (7.49)-(7.52). Experimental results clearly indicate that
changes in co-polar and cross-polar patterns occur for the band 4 receiver when IR filters are used.
Co-polar beams become slightly wider and the cross-polar level is normally degraded. Co-polar and
cross-polar patterns were measured at room temperature using only the 15K filter. Results of Edge
taper of the co-polar pattern and integrated cross-polarization are shown in figure 7.33. Intuitively,
large changes in input admittance will create wider beams and degrade cross-polarization.
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Figure 7.33. Variation of co-polarization (Edge Taper) and cross-polarization
when the 15K filter is used

The values of Y, of the IR filters structure have been calculated using HFSS. HFSS can calculate
the Y-parameters at the simulation wave ports. If that wave port is coincident with the horn
aperture, then, Y;, can be calculated from the simulated Y-parameters Y;; as indicated in (7.53):

Yin = Y11 — Yiz2Ya1 (7.53)

Y22+ Y0’
where Y0 is the admittance of free space 1/(120m) Siemens.

Results depend very much on the exact distances between elements. Figure 7.34 shows that
small variations in distances, even in the order of tenths of mm, result in large variations of Y.
Because of this, presumably, the approximations introduced in the HFSS model will be more critical
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in this case. Firstly, the plane at which Y;, is calculated is parallel to the 110 K filter and not to the
horn aperture. The difference is only 3 degrees. Secondly, both filters are modeled with the same tilt
angle, whereas, there is a tilt difference of 1 degree between them. Finally, the Floquet port input is
a plane wave and not a Gaussian beam. The errors due to these approximations should be more
visible in the polarization with parallel incidence on filters, PO.
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Figure 7.34. Real part of Y;, associated to IR filters for polarizations PO and P1.
Distances in the legend are from horn to 15K filter and to 110K filter, respectively

After many simulations, a set of distances around the nominal distances which provides good
fitting to measurements at room and at cryogenic temperature were found. The fittings are shown
in figure 7.35 and 7.36. Notice that the match for P1 is better than for PO as expected. There could
be other good fittings with different sets of distances, but these matches are good and in the range
of possible distances. Actually, it was found that Y, was almost periodic with changes in distances;
e.g. a change of 1.1 mm in the horn-to-filters distance yielded very similar values of Y;,. This
periodicity is shown in figure 7.37.
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Finally, the comparison of measured cross-polarization and simulated AY;, also helps to explain
some other test results. For example, it was found that when the 110K filter was heated up to 180 K
the PO cross-polarization peak moved to lower frequencies and the P1 cross-polarization peak
frequency slightly increased, as shown in figure 7.38. Similar results were observable when a 3 mm
insert was used to change the position of the 110K filter. Since results are very similar for both
experiments, it is thought that the cross-polarization dependence on temperature is due to an actual
change in distances between horn and filter and to the thermal expansion of the filter itself when
temperatures change. The temperature experiment is difficult to simulate with HFSS, since thermal
expansion coefficients at low temperatures are not well-known for these materials. Besides, the

dielectric constants also change with temperature [127]. However, the experiment with the 3 mm
insert can be modeled in a quite straightforward fashion, just changing one distance in the model.
HFSS simulations yielded results qualitatively similar to measurements, as presented in figure 7.39.
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7.5.3.3. Conclusions of this analysis

All components which contribute to the ALMA Band 4 receiver cross-polarization have been
analyzed in order to find out the origin of the strong cross-polarization peaks measured for
production cartridges. Waveguide transitions, OMT and IR filters alone do not present any strong
frequency dependence which explains these peaks. However, it has been shown theoretically that
the IR filters can effectively affect the corrugated horn input admittance and therefore, change the
radiated fields. On the one hand, a relationship has been found between the real part of the input
admittance of the IR filters structure at the horn aperture plane and the radiated cross-polarization.
The frequency behavior of the real part of the input admittance properly matches cross-polarization
measurements and explains the results of several experiments. On the other hand, it has been
proven that the influence of IR filters at higher ALMA band 4 frequencies is some attenuation of the
cross-polarization, which explains the generally good levels of XsP at 155-165 GHz. In conclusion, the
dielectric loading of the corrugated horn by the IR filters properly explains the measured XsP
degradations at certain frequencies. The degradation of the cross-polarization performance at
certain frequencies may jeopardize astronomical polarization observations at those frequencies. It is
therefore very important to understand properly the physics behind this degradation.
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Chapter 8

Summary and Conclusions

8.1. Summary

The quality of astronomical observations at Terahertz frequencies depends greatly on the
performance of the receivers in the radio telescope. Slight performance degradations due to
unwanted effects will translate into worse observations than expected. This may mean less
sensitivity, more time required to get a result or even image distortion. Therefore, it is important to
tune all the elements of the receiver for maximum performance. This thesis has studied the different
optical systems in an astronomical receiver. Along the different chapters, different analysis methods
have been applied to optics used to bring the astronomical signals from the secondary mirror of the
telescope to the detectors or for pumping the local oscillator signal into heterodyne detectors. THz
astronomy has seen a great development in recent years, which has been pushed forward by the
development of the ALMA telescope, among others. The implementation of the ALMA telescope has
been the first time that state-of-the-art THz superconducting receivers have been mass-produced.
Hundreds of feed horns, ellipsoidal mirrors, dielectric IR filters and ultra-sensitive detectors have
been manufactured in order to implement the cartridges which will populate the cryostats in the
secondary focus of the ALMA antennas. In terms of optics, this kind of mass-production of advanced
technology has exposed for the first time some critical issues involving the repeatability of
performance for different implementations of the same optical design or some other problems
which surface on when receivers are operated within the confined environment of a cryostat, with
IR filters and a window. Usual astronomical receivers are fabricated once or a few times at most.
Therefore, if problems derived from tolerances or from practical operation arise, a solution which
mitigates the problem is looked for and careful investigations are not necessary. However, these
issues become critical when around 80 similar implementations of a design have to be manufactured
in a time frame of a few years. In this case, usual engineering solutions must be combined with more
careful studies based on physics.

The achievements described in this thesis can be summarized in the following points:

- Introduction of design method for LO power injection

- Novel quasi-optical attenuators

- Tolerance analysis method using Physical Optics and Monte Carlo techniques

- Effect of IR filter reflections on optical performance and ways to mitigate this effect
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- Novel method to estimate total quasi-optical receiver cross-polarization performance
- Physical causes of degraded cross-polarization performance unveiled for ALMA band 4

In terms of LO power injection, quasi-optics provide a good alternative to classic waveguide
power transmission schemes at frequencies approaching 1 THz. In this thesis, new design equations
have been derived for a proposed horn to horn power transmission system. This system has been
implemented in the injection of the LO signal in the SIS mixers of the ALMA band 10 receiver. This
solution overcomes all of the problems of a previous design based on waveguide technology and
provides stable operation of the detectors in the receiver. This improvement in stability means more
stable and better astronomical observations. Additionally, a new kind of quasi-optical attenuator has
been used in that quasi-optical LO injection system to carefully control the SIS mixer pumping
current while the LO chain of multipliers are operated at their maximum output power, which
guarantees minimum noise. These attenuators are very simple, easy to fabricate and light. By using
them, the sensibility of the receiver can be improved at the same time that the LO pumping is
guaranteed. In other words, the use of the quasi-optical LO injection and these attenuators make it
possible that the LO pumping of detectors does not have a negative impact on astronomical
observations.

The core of the thesis deals with the analysis of tolerances in astronomical receiver optical
systems, the physical investigation of the effects of IR attenuators on optical performance and the
physical analysis of cross-polarization performance. These topics have been applied to two ALMA
receivers using SIS mixers, band 4 and 10, and to a HEB mixer receiver designed at University of
Tokyo for the ASTE telescope. The new analysis methods and investigations developed have allowed
increasing and better understanding the performance of these receivers. In the case of ALMA, this
translates into improved performance of one of the largest and most demanded telescopes ever
built. An increase in optical performance may translate into shorter observation times for the same
results, allowing a better use of the ALMA telescope, or into more accurate measurements, which
improves the science capabilities of ALMA. In the case performance could not be improved, these
analyses have been useful to understand the capabilities and limitations of the astronomical
receivers.

Chapter 5 described a new method to quantify the effect of tolerances on final performance.
Usually, tolerance analyses of THz optics are based on ray tracing, which is not physically rigorous
and does not yield good approximations at these frequencies. The use of ray tracing is an influence
of optics design in the visible and near-infrared spectrum. Telescopes working in this spectral region
are well-modeled by ray tracing and such a tolerance analysis is meaningful. However, in the case of
THz receivers, it is necessary to consider the effects of the size of optical elements as well as the
effects of diffraction. Therefore, the combination of Physical Optics and Geometrical Theory of
Diffraction is a suitable combination of analysis techniques in the THz range. Using these methods,
beam patterns can be calculated for specific dimensions and angle error values and the effect of
tolerances on efficiency and other performances can be readily quantified. Monte Carlo methods
provide an appropriate way to get the geometrical dimensions and angles of the models including
tolerances and to obtain meaningful statistics when the number of simulated cases is high. Using
these combinations of analysis methods, expected performances and standard deviations were
obtained for the ALMA band 10 receivers. In chapter 5, it was shown that the standard deviation of
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efficiencies would actually depend on tolerances. It was also shown that average values can be
different from design values in certain cases. Finally, it was confirmed that the average values and
standard deviations calculated with this analysis are pretty close to the statistics derived of the
measurements of the 60 ALMA band 10 receivers manufactured and tested up to date.

The tolerance analysis presented in chapter 5 and the careful analysis and measurement
characterization in chapter 4 were also useful to determine that there was a faulty component in the
optics of the HEB receiver. A careful analysis considering several causes for the extra deviations in
performance showed that the ellipsoidal mirror was probably the culprit of the unexpected
degradation. Room temperature beam measurements of the mirror alone and 3D laser
measurement of the mirror surface confirmed the mirror has clear fabrication errors. The
replacement of this mirror will eventually improve the efficiency of the whole receiver with the

consequent improvement in science capabilities.

Chapter 6 presented the effect of the IR filters on the optical performance of the ALMA band 10
receiver. When this effect was discovered, the cause of the efficiency and beam shape degradation
was completely unknown. A careful measurement campaign and the physical analysis of the
situation allowed finding the cause. Once the cause of the distortion was understood, it was
straightforward to come up with a solution which improved the measured aperture efficiency of all
production cartridges from that moment on. The solution using chamfered corrugated horns and
absorber paint around the horn aperture was introduced in all ALMA band 10 production cartridges
(from serial number 7 on), whereas the pre-production cartridges (from serial number 1 to 6) use
the original optics design. [100] reports on the performance of the first 6 ALMA band 10 cartridges.
The comparison of average aperture efficiencies of the first 6 receivers (pre-production models) is
compared to the average values for the last 54 receivers (production models) in table 8.2. The final
aperture efficiency improvement is clear. As explained in chapter 6, the influence of the optics
change has more impact at lower frequencies and at polarization P1. The improvement of aperture
efficiency achieved for polarization P1 at 804 GHz is 2.61 % in average.

Table 8.2. Summary of the improvement in aperture efficiency derived of using the optics
modification introduced in chapter 6

PO 804 GHz | P1804 GHz | P0879 GHz | P1 879 GHz | P0943 GHz | P1 943 GHz
Pre-production 84.26 % 83.52% 84.13 % 84.63 % 85.63 % 85.69 %
Production 86.16 % 86.13 % 86.19 % 86.20 % 85.95 % 85.94 %
Improvement 1.90 % 2.61% 2.06 % 1.57% 0.32% 0.25%

Chapter 7 focuses on the study of cross-polarization in quasi-optical systems in astronomical THz
receivers. A novel method to quantify total system cross-polarization has been introduced. This
method is based on the use of Gaussian beam theory and tries to compute the phase with which the
cross-polarization contributions of the different components add together towards a total system
cross-polarization. To the knowledge of the author, this is the only method in literature which aims
at calculating the total system cross-polarization on physical grounds. Other methods are usually
based on root mean squares or worst-case additions and do not consider the physics involved. The
proposed method has been applied to the ALMA band 4 and band 10 receivers. In the case of the
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band 4 receiver, it has been used to prove that the current receiver optics design cannot achieve the
stringent -23 dB ALMA requirement even with very good components. It has also been used to
propose a new physically-meaningful requirement. In the case of the band 10 receiver, the method
has provided some insight into why this design is very robust in terms of cross-polarization. These
examples indicate some guidelines to follow in order to design receivers which are good in terms of
cross-polarization performance:

- A pair of ellipsoidal mirrors with a waist between them is better than a single mirror

- Wire grids are better than OMTs if both options are possible

- If possible, locate components (including IR filters) in a way that cross-polarization
contributions add as much out-of-phase as possible

The calculated expected cross-polarization for ALMA band 10 using this model is -27.1 dB (table
7.2) for just-compliant IR filters and window cross-polarization values. Table 5.9 shows that the
measured average polarization efficiency for the last 54 band 10 receivers is 99.88 %, which means
an average -29.2 dB cross-polarization level. This shows that actual IR filters and window are a bit
better in terms of cross-polar than their requirement value, as expected.

The last part of chapter 7 constitutes an attempt at identifying the cause of the frequency-
dependent degradation of ALMA band 4 cross-polarization performance. This analysis combines the
results derived from electromagnetic theory with the data calculated in full-wave electromagnetic
simulations to explain the physics behind this degradation. Figure 8.1 shows the results of the
measurements of 43 ALMA band 4 cartridges. Figure 8.1 clearly shows the repeatability of the cross-
polarization degradation for all 43 receivers.
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Figure 8.1. Summary of the measured cross-polarization performance of the last 43 ALMA band 4
receivers

All components which contribute to ALMA Band 4 receiver cross-polarization have been analyzed
in order to find out the origin of the strong cross-polarization peaks measured for production
cartridges. Waveguide transitions, OMT and IR filters alone do not present any strong frequency
dependence which explains these peaks. However, it has been shown theoretically that the IR filters
can effectively affect the corrugated horn input admittance and therefore, change the radiated fields.
On the one hand, a relationship has been found between the real part of the input admittance of the
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IR filters structure at the horn aperture plane and the radiated cross-polarization component
magnitude. The frequency behavior of the real part of the input admittance properly matches cross-
polarization measurements and explains the results of several experiments. On the other hand, it
has been proven that the influence of IR filters at higher ALMA band 4 frequencies is some
attenuation of the cross-polarization, which explains the generally good levels at 155-165 GHz. In
conclusion, the dielectric loading of the corrugated horn by the IR filters properly explains the
measured cross-polarization degradations.

8.2. Conclusions

As receivers achieve performance close to physical limits, new subtle performance degradations
appear. The effects of tolerances and infrared filters should not be neglected in this context.
Additionally, as astronomers request polarization observations, cross-polarization performance
should be a key aspect to take into account during the design phase of a receiver. Good
engineering practices do not suffice in many of these cases and careful physical analyses must be
performed. This approach has allowed the improvement of the performance of the ALMA band 10
receiver and to better understand the performance limits of the ALMA band 4 receiver. The
application of the proposed tolerance analysis has allowed determining a defective component in
the HEB mixer receiver for ASTE.

The methods developed in this thesis are of interest for any astronomical receiver in the THz
range, especially for those to be operated within a cryostat. They can also be useful for any quasi-
optical system to be used in any other applications.

The unexpected cross-polar degradation found for the ALMA band 4 receiver can potentially
occur for any superconducting receiver, especially at the low THz range or at cm wavelengths,
when the size of optics is large and IR filters and cryostat window are invariable very close to the
receiver horn aperture. In these cases, IR filters should be considered during the feed horn design
in order to model their effects from the first stages of the optics design.

In conclusion, the research results in this thesis have proved useful to characterize and improve

the optics performance of state-of-the-art superconducting receivers used for the ALMA and ASTE
telescopes, with the consequent potential improvements in future astronomical observations.
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Appendix A

Probe horn compensation

One of the key elements in any antenna / optics characterization near-field test bench is the
probe horn with which the near field patterns of the optics under test are measured. Ideally, a probe
horn with an isotropic radiation pattern and no cross-polarization would be required to guarantee
the probe horn has no effects on the measurement results. However, this is not possible and horn
antennas or open waveguides are preferred at THz frequencies. A WG-1.2 open rectangular
waveguide is used in the ALMA Band 10 measurement setup. An open waveguide has a pretty wide
radiation pattern, but far from isotropic. Besides, since the radiating aperture dimension is twice
larger in one direction than in the other in the XY plane, the radiation pattern will be twice narrower
in that direction. In addition, cross-polarization levels will be low but not negligible.

The actual measurements obtained using non-ideal probe antennas are the convolution of the
radiation patterns of the probe antenna and the optics under test. If the cross-polarization is also
considered, this relation gets more complex.

ALMA Band 10 probe horn has been characterized in order to account for the non-ideality of the
probe horn and to correct performed measurements.

A.1. Probe horn measurement set-up

When the far field co-polar CoP and cross-polar XsP radiation patterns of an antenna (AUT) are
measured, the actual measured patterns are given by equations (A.1) and (A.2). It is important to
insist in the fact that these radiation patterns must be in the far field. Far fields must be calculated
from near fields through Fourier transform application.

Measured CoP = AUT CoP - Probe CoP + AUT XsP - Probe XsP (A1)
Measured XsP = AUT XsP - Probe CoP + AUT CoP - Probe XsP (A.2)

(A.1) and (A.2) will be used for the correction of measurements, but are also useful for probe
horn characterization. If both antennas are the same, (A.1) and (A.2) get simpler, as stated in (A.3)
and (A.4). That is the reason why probe horns are normally manufactured and sold in pairs with the
same characteristics.
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Measured CoP = Probe CoP? + Probe Xs? (A.3)
Measured XsP = 2 - Probe XsP - Probe CoP (A.4)

From (A.3) and (A.4), it is possible to calculate the Probe CoP and XsP radiation patterns as:

ProbeCoP = %\/MeasuredCoP + VMeasuredCoP? — MeasuredXsP? ~ \MeasuredCoP
(A.5)
(A.6)

Measured XsP

Probe XsP =
2 Probe CoP

The approximation in (A.5) is justified because of the great difference of around 30 dB between
the measured CoP and XsP patterns. If not applied, the exact equation (A.5) becomes difficult to
evaluate using software due to problems with phase wrapping.

The probe horn far field starts very close to the aperture due to the small dimensions of the
waveguide. The distance at which far fields are well established is given by (A.7).

Largest dimension of aperture?
A

distance = 2 (A7)

At a frequency of 864 GHz, far fields created by a 0.305 mm x 0.152 mm open waveguide start at
0.67 mm from the aperture. That distance is really short and for practical reasons, probe fields must
be measured in the far field directly. Far field coordinates must be Azimuth and Elevation, whereas
fields can only be sampled in an XY plane in front of the antenna in the ALMA band 10 setup.
Therefore, it is necessary to perform a coordinate transformation which will affect the value of the
measurements. The situation is depicted in figure A.1. Notice that the antenna under test has a wide
beam. Therefore, the measurement plane must be pretty near the antenna if the dimensions of the
measurement plane are to be small enough to be sampled finely in a reasonable time.

r
I;.; Az =tan™?

El =tan~?

= e

Figure A.1. Geometry of the probe horn far field measurement

For a point (x,y) in the XY plane, the distance r to the measurement plane will be given by

r =/D? + x? + y2, whereas in a far field measurement, this distance should be constant and equal
to D. The propagation equation of a far field spherical wave is given by (A.8).

— o JkT

E=E0

(A.8)

T
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In the case under study, r changes at each point of the measurement XY plane. Since we are
interested in the fields over a sphere and not over a plane, the amplitude and phase correction in
equation (A.9) can be performed on the measured field values.

= . x2+y? P [prixaiy?op)z
Eon sphere = |1+ 0z € C( )Emeasured (A.9)

The coordinate transformation (x,y) to (Az, El) can be performed using the equations in figure A.1.

On the other hand, the standing wave compensation procedure must be changed for these
measurements. In Band 10 optics measurements, two XY planes at a distance A/4 are sampled and
measured values are combined to eliminate the contribution of the standing wave. However, in this
case, since distance D must be short, the distance between two parallel XY planes will be seen
differently under different angles. This situation is depicted in figure A.2.

A
4 cosm
a7
;-"'F; -
/{ R=x?+y?
-1
—J
M

Figure A.2. Geometry of the standing wave correction procedure

In general, in the presence of a standing wave, the relationship between two measurements
taken a distance d apart is:

V(z) = Ve J*2(1 + pe?/kz) (A.10)
V(z+d) =Vte Tkze kd(1 4+ pesz(“d)) (A.11)

Using the first measurement as the phase reference, z can be equaled to 0. If the second
measurement is taken in a parallel plane at a distance d from the first plane, the distance between
measurements is d/cos(a). Then,

V, =V*(1 + p) (A.12)

i kd 2kd
V, = V*te Jeosa (1 + pefcosa) (A.13)

After some algebraic work, and for |a| < 90°, equation (A.14) provides the way to calculate the
voltage without standing wave, V.

+ _ V=V, el . _ 2 x2+y2
%4 =) sme with 8 = a d ’1+ 2 (A.14)
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Equation (A.14) shows some problems when the sin(B) in the denominator approaches 0. That
means when the variable 0 takes values nm. Those values correspond to circles of radiiR =

D (%)2 ~1.

The first circle radius can be increased by increasing D or decreasing d. As explained before, D
must be as small as possible to obtain most of the radiation pattern information in a small enough
area in the measurement plane. If D is increased, the area to be mapped increases and so does the
time required to measure it. Therefore, it is recommended to reduce the distance d. It is important
to notice at this point that according to (A.14), there is no advantage in taking d= A/4. In conclusion,
it is better to take a value of d as small as possible. This time, d= A/12 was used, which yields an
increase in the critical radius of a little bit less than 3. Measurements were taken at D = 8mm from
the probe horn. Figure A.3 shows the distortion circles which appear in the manipulated data if D
and d are not chosen properly.

In ALMA band 10 optics measurements, the distance D is very large with respect to the
measurement plane dimensions. This makes the variable 0 is approximately 90 degrees for d= A/4
and equation (A.14) becomes the usual equation used for standing wave compensation.

Far Field Magnitude (dB). Effect of SW compensation
e a0 g;?

5 20 20

.,

--a0

- 100

-0 20

-150

A ' i g8 e i
-30 -20 -10 0 10 20 30 -30 -20 -10 a 10 20 30

X (mm) X (mm)

Figure A.3. Possible distortion in the standing wave free measurements due to equation (A.14)

In short, the probe horn characterization process can be summarized in the following steps:
- Measurements at a distance D =8 mm and d =A/12 away.
- Use of equation (A.14) to remove the standing wave contribution
- Correction of the measurement coordinate system using equation (A.9)
- Use of equations (A.5) and (A.6) to isolate individual probe antennas contributions

A.2. Measurement results

The available probe horns were characterized at frequencies 842.4, 864 and 892.8 GHz and the
measurements were processed as explained in the previous section. Example measurements before
applying (A.9) are shown in figure A.4.
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Figure A.4. Far field co-polar radiation pattern of probe horn at 864 GHz measured on an XY plane

In order to compare the results with theory, GRASP simulations were performed to calculate the
radiation pattern under the same conditions of the measurements. The theoretical result of the
measurement in figure A.4 is presented in figure A.5. The similarity is remarkable. Notice however,
that the measurement in figure A.4 accounts for the contribution of two horns and the square root
of all values must be taken. This will be done later in this Appendix. Cross-polarization
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measurements and theoretical results using GRASP are shown in figures A.6 and A.7.
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Figure A.5. Far field co-polar radiation pattern of probe horn at 864 GHz on an XY plane
calculated with GRASP
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Figure A.6. Far field cross-polar radiation pattern of probe horn at 864 GHz measured on an XY
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Figure A.7. Far field cross-polar radiation pattern of probe horn at 864 GHz on a XY plane
calculated with GRASP

The next step in the process is the correction of the measurements and change of coordinates to
have the radiation patterns expressed in terms of Azimuth and Elevation coordinates. This is done
using equation (A.9). The theoretical patterns calculated with GRASP are shown in figure A.8 at 892.8
GHz. The phase is constant in the co-polarization pattern and constant with sign changes in each
space quadrant in the cross-polarization pattern.
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Figure A.8. Theoretical radiation patterns at 892.8 GHz calculated using GRASP

In the coordinate correction process, the value of the variable D is very important and difficult to
measure in practice. However, this final step in the process provides a way of accurately calculating
the value of D. Since the phase must be constant in the co-polar pattern, D can be optimized to get a
phase as constant as possible. Figure A.9 shows the results if D = 9 mm and figure A.10 shows the

final result when D = 8 mm.
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Figure A.9. Far field radiation patterns considering D =9 mm
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Figure A.10. Far field radiation patterns considering D = 8 mm
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As it can be seen in figure A.10, the phase is constant for D = 8mm except for alignment errors. D
= 8mm provides optimal results for the measurements performed.

Finally, the contribution of both probe horns involved in these measurements must be separated
using equations (A.5) and (A.6). The results of applying equations (A.5) and (A.6) have been
presented together with GRASP simulations in figures A.11 and A.12.
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Figure A.11. Co-polar far-field radiation pattern of ALMA Band 10 probe horn.
GRASP simulation on the left, measurement on the right
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Figure A.12. Cross-polar far-field radiation pattern of ALMA Band 10 probe horn.
GRASP simulation on the left, measurement on the right. Scales are different

Theoretical and measured co-polar far field patterns are strikingly similar. Some markers where
used on 3D plots to see how similar measurements are. This is shown in figure A.13. The same was

done for cross-polarization patterns in figure A.14.
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Figure A.13. Co-polar patterns. First row, GRASP simulation. Then, markers on measurement plots

In the co-polarization patterns, ideal and measured shapes and values are really similar. The
differences could be explained just because of noise, alighment errors, measurement tolerances, etc.
In the cross-polarization measurements, the shape looks very similar but the peak values in the
angular region of interest are more realistic for the measured patterns. It is important to notice that,
in both cases, these patterns are very noisy. The resemblance of measured and simulated patterns in
the angular region of interest for measurement probe compensation suggests the use of ideal
simulated patterns instead of the measured ones. Like this, noise-free patterns at all frequencies are
readily available at any desired angle sampling accuracy. Besides, some frequencies cannot be
measured at room temperature due to bandwidth limitations of the used room temperature mixers.

Therefore, ideal GRASP simulations have been used to correct the measurement data throughout
this thesis. In the case of the cross-polar pattern, it must be modified so the cross-polar value at the
edge of the measurement (AZ,EL)=(1515°) is around the measured value at those points , e.g.
markers in figure A.14.
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Abstract

The optics of a 900-GHz HEB receiver for the ASTE telescope have been analyzed by quasi-optical analysis
and Physical Optics simulations in combination with beam pattern measurements. The disagreement between
simulations and measurements has motivated an extensive campaign of Monte Carlo analyses to find out the
cause of such a difference in results. Monte Carlo analyses have considered fabrication and assembly tolerances
in all components in the RF chain, as well as some non-expected fabrication errors. This strategy has allowed
determining the faulty component. In short, the use of all available analyses techniques together with
measurements has allowed singling out an underperforming element in an astronomical receiver. The change of
this component will improve the optical efficiency and ease astronomical observations. These ideas can be of
interest for any quasi-optical receiver at THz frequencies.

Keywords: Astronomical receivers, Quasi-optical systems, Physical optics simulations, Near-field beam-pattern
measurements, Monte Carlo methods

1. Introduction
The Atacama Submillimeter Telescope Experiment (ASTE) 10m-aperture telescope is located in Pampa la Bola,
Chile, at 4860 m over sea level, and very near the Atacama Large Millimeter-submillimeter Array (ALMA) site
[1]. This telescope was initially conceived as a test bench for antenna and receiver technology at (sub-)
millimeter wavelengths, and as a first step towards the Japanese ALMA antenna. Actually, the 10m reflector
antenna was a pre-prototype of the Japanese ALMA 12m antenna [2], and the first qualification model of the
ALMA band 8 receiver [3] was tested in the ASTE telescope. Therefore, the cartridge size and cryostat
requirements for ASTE are similar to those for ALMA. On the other hand, several receivers implemented by
different universities and institutes have been used in ASTE for astronomical observations [4-5]. In the last
years, a Hot Electron Bolometer (HEB) dual-band receiver working at 900 GHz and at 1.3 THz showing good
noise performance has been developed at University of Tokyo and successfully used for observations with
ASTE [6]. The HEB mixers are fabricated and noise tested at University of Tokyo. However, the receiver beam
patterns cannot be measured in-house. Since the lower frequency band of this receiver is very close to that of
ALMA band 10 (787-950 GHz) [7] and ASTE and ALMA cryostat and cartridge sizes are similar, the beam
patterns could recently be measured in the ALMA band 10 laboratory at NAOJ. At the same time, the quasi-
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optical design was validated using Physical Optics (PO) simulations. However, measurement results
significantly differed from simulation results. Several Monte Carlo tolerance analyses [8] using Physical Optics
have been performed considering manufacture and assembly tolerances in order to identify the causes of the
degraded optical performance of this receiver. Quasi-optical and PO simulations in combination with laboratory
measurements have been found useful to identify what component is degrading the overall optics performance.

2. Optics design

The sub-mm wavelength receiver developed at University of Tokyo uses HEB mixers [6] to detect radiation in
the atmospheric windows around 900 and 1300 GHz [9]. Due to the large difference in frequency, each band is
detected by different HEB mixers located in different mixer blocks with integrated diagonal horns. The input
signal is separated in the two frequency bands by means of a wire grid located just after the cryostat window,
which reflects the lower band and is transparent for the upper band. Fig.1 shows the 4K stage of the receiver,
with some modifications to have a clear view of the optics. In this paper, only the 900 GHz optics is of interest
and its schematic is presented in Fig. 2. This optics uses a single ellipsoidal mirror to match the beam coming
from the secondary mirror of the ASTE antenna to the required beam size in the diagonal horn attached to the
HEB mixer block. The local oscillator (LO) signal is generated outside of the cryostat and then, radiated by a
diagonal horn and focused by an ellipsoidal mirror attached to this horn. This LO beam enters the cryostat
through a side window and it is then reflected in a couple of flat mirrors in the receiver. Finally, the LO signal is
coupled to the RF signal by means of a wire grid, located before the ellipsoidal mirror in the RF path, and both
of them are received by the diagonal horn in the HEB mixer block. That mirror is not present in Fig. 1, because
the vertical plate on which it sits has been removed for a clear view of the optics. The polarization of the LO and
RF beams is the same after the wire grid coupling. The LO signal provides the pumping current for the HEB
mixer and must therefore be as stable as possible.

N 3
| o e Y

Fig. 1. 4K stage of the HEB dual-frequency receiver, modified for a clear view of the optics

In the case of the ALMA band 10 test cryostat, there are no windows for LO injection on the side of the cryostat
and the LO must be injected from the RF cryostat window. Fortunately, the total distance of the LO optical path
is long enough to allow the LO signal to be coupled to the RF signal and to be input together from the cryostat
window. For the beam measurements at NAOJ, the optics was slightly modified to account for this need. The
RF/LO coupling wire grid was removed from the receiver and used out of the cryostat. The modified optics for
the measurement campaign is presented in Fig. 3. The RF signal optical path is the same in both situations,
which means the quasi-optical analysis [10] and Physical Optics (PO) simulations with GRASP [11] are the
same in both cases.
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Fig. 3. Modification of 900-GHz ASTE receiver optics for beam pattern measurements

The receiver optics has been analyzed using Fundamental Gaussian beam analysis [10] in order to obtain the

sizes and radii of curvature of the ideal beams at different frequencies. The results, together with design
dimensions, are presented in Table 1.

TABLE 1. Quasi-optical analysis of ASTE 900-GHz optics (all distances in mm)

Design | 881.3 GHz | 906.8 GHz | 925 GHz 944 GHz
Horn side aperture 3.5
Horn slant angle (*) 7.64°
Horn waist radius 1.000 0.984 0.973 0.961
Distance from waist to horn aperture 10.456 10.717 10.897 11.080
Distance from horn to ellipsoidal mirror 48.699
Beam size at ellipsoidal mirror 6.483 6.431 6.396 6.361
Beam input radius (r)rfijrli)r;/ature at ellipsoidal 60.597 60.840 61.006 61.175
Ellipsoidal mirror focal length 48.284
Beam output radius of curvature at 237.621 | 233959 | -231.525 | -229.131
ellipsoidal mirror
Final waist radius 3.385 3.290 3.225 3.160
Distance ellipsoidal mirror-waist 172.848 172.735 172.660 172.586
Distance elhpso'ldal mirror- 186.649
cryostat window
Beam size at window 3414 3.320 3.256 3.192
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3. Physical optics analysis

The optics under study has been analysed by the Physical Optics (PO) software GRASP [11]. The beam
truncation in the infrared filters and cryostat window has also been considered. Electric fields have been
calculated at the theoretical beam waist location at 900 GHz (172.767 mm from ellipsoidal mirror) and at a
plane at a distance of 165 mm from that waist position, which is close to the measurement plane in the
performed experiments. Cross-polarization patterns have also been calculated. For the study of cross-
polarization, two situations have been considered to model the frequency separation wire grid in the RF path: a
perfect wire grid and a flat mirror. The actual cross-polarization of the receiver must be between those two
values, depending on the quality of the wire grid. The schematic of the simulation setup in GRASP is shown in
Fig. 4.

Measurement
plane
EE Cryostat
window
65 mm

Diagonal

h ,
om IR filters

Wire grid/ '
Flat mirror

Fig. 4. Schematic of the GRASP simulation of the optics

The results of the calculations have been fitted by fundamental Gaussian beams in order to compare with the
ideal quasi-optical design. Results of the fundamental Gaussian beam fitting and cross-polarization at the two
planes under consideration are shown in Table II. These results are in good agreement with the quasi-optical
analysis results in Table I. As expected, the shapes of the beams are similar at all frequencies. As an example,
the beams at 906.8 GHz at the waist position and in the measurement plane are presented in Fig. 5 and 6
respectively.

TABLE II. Gaussian beam fitting of PO results

At waist, 172.767 mm from mirror At meas. plane, 165 mm from waist
Frequency (GHz) 881.3 | 906.8 | 925.0 | 944.0 881.3 906.8 925.0 944.0
Gaussicity (%) 94.529 | 94.476 | 94.442 | 94.410 | 94.164 | 94.132 | 94.115 | 94.097

Waist size in X (mm) 3.388 | 3.293 | 3.229 | 3.164 3.388 3.293 3.229 3.164

Waist size in y (mm) 3382 | 3.286 | 3.221 | 3.156 3.382 3.286 3.221 3.156

Defocus (mm) 2.561 | 2.536 | 2.519 | 2.502 | 162.384 | 162.409 | 162.426 | 126.443
Offset in X (mm) 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 0.000 0.000
Offset in y (mm) 0.005 | 0.009 | 0.012 | 0.014 | 0.103 0.111 0.116 0.121

Tilt in x (deg) 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 0.000 0.000

Tilt in y (deg) 0.034 | 0.035 | 0.036 | 0.037 0.034 0.035 0.036 0.037

Cross-Pol wire grid (dB) | -35.22 | -35.15 | -35.10 | -35.05 | -34.86 | -34.69 | -34.57 | -3443

Cross-Pol flat mirror (dB) | -15.02 | -15.06 | -15.11 | -15.17 | -12.74 -12.62 -12.54 | -12.46
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Fig. 5. Physical optics results at the waist plane at 906.7 GHz
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Fig. 6. Physical optics results at 165mm from waist plane at 906.7 GHz

4. Measurement results

The corrugated horn and the HEB mixer waveguide block are built together and cannot be separated.
Consequently, room temperature measurements are not possible and the ASTE receiver optics must be cooled
down to 4 K for its characterization using the HEB mixer to down-convert the RF signal. Mechanical 3D
measurements of the cartridge were performed to guarantee that it was compatible in terms of size with the
ALMA band 10 test cryostat. After size compatibility was confirmed, new cryostat beam ports and shields at the
110 K and 15 K stages were manufactured and installed in the ALMA band 10 cryostat. These parts were
necessary to provide a way out of the cryostat for the beam. These are different from the parts used for ALMA
band 10, because the optical path positions of both receivers are different with respect to the cryostat axis and
beams emerge from different positions [12]. ALMA band 10 Infrared filters [13] were used at the 15 and 110 K
shields and a 12 micron thick Kapton film was used as cryostat window. As explained before, the coupling of
the LO and RF signals was initially done by means of a wire grid. The wire grid frame was mounted on the
cryostat window and it was carefully designed in order to not truncate the beam. The wires in the grid were
tilted 12 degrees in order to couple both signals with the same polarization. The LO source was attached to the
measurement system support structure and carefully positioned by position screws in order to provide
appropriate pumping of the HEB mixer. Later on, in order to measure cross-polarization patterns, the wire grid
for RF-LO coupling was changed by an 8.5 micron thick Kapton film. Both coupling methods are presented in
Fig. 7. A main concern at this point was if the injected LO signal would be stable enough for the HEB mixer,
since the cryostat vibrates with a 1Hz frequency. The first measurements proved that the HEB bias point was
acceptably stable.
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Fig. 7. Coupling of the signals coming from the RF source (up) and the LO source (down) using a wire grid
(photograph on the left) and a thin Kapton film (photograph on the right)

The measurement system block diagram is presented in Fig. 8. It is based on the ALMA band 10 room
temperature measurement setup [12] with some important modifications to adapt it to the IF frequencies of the
HEB mixer, which are around 1 GHz instead of in the 4-12 GHz frequency range for ALMA band 10. Using
this setup, amplitude and phase of the signal can be measured. By changing the position of the RF probe horn
using a XYZ0 stage, the near field patterns can be measured as explained in [7]. The alignment between the
XYZ0 stage and the test cryostat was done using a theodolite and small alignment mirrors on the RF probe
support structure and on the cryostat.

Measurements of co- and cross-polarization beam patterns of the receiver were performed at 4 different
frequencies within the RF bandwidth of the receiver. Three of the chosen frequencies are of interest for
astronomy (881.3, 906.8 and 944 GHz), whereas the other one (925 GHz) was chosen to provide a good
sampling of the RF bandwidth. Co-polarization patterns using wire grid and Kapton film coupling were similar.
Cross-polarization patterns using Kapton film coupling could be measured properly and cross-polarization
levels with respect to the maximum value of co-polarization could be calculated except at 906.8 GHz. At this
frequency, the measured reference co-polarization pattern saturated and was unusable as a reference. Results of
Gaussian beam fitting of the measured beams and cross-polarization levels are presented in Table III. Contrary
to expectations, measured patterns are quite different from simulations. Measurements have a lower Gaussicity
than expected, which is mainly due to a quite flat beam in the boresight direction. In addition, the beams are
asymmetric and waist sizes are quite different from the design values at all frequencies. Beams are also tilted,
with angles of almost 0.5 degrees in the X coordinate, which is the most sensitive to tolerances. Finally, the
distance between the focal plane and the measurement plane changes much and has strong frequency
dependence.

With respect to polarization purity, it is necessary to indicate that measured levels are higher than for the actual
receiver at nominal operation. The Kapton film used to couple the RF and LO signals introduces a significant
amount of cross-polarization, whereas at nominal operation, the LO coupling is done by a wire grid without
cross-polarization generation. The theoretical cross-polarization of the ellipsoidal mirror and the diagonal horn
are -24.9 dB and -10.2 dB respectively using quasi-optical theory [10], and the previous PO analysis showed
that possible values of total cross-polarization (without IR filters and Kapton films) are between -34.7 and -12.7
dB at 900 GHz . The measured values of cross-polarization are however quite high, between -11 and -19 dB,
which is probably due to some component being faulty and a strong cross-polarization component from Kapton
films.
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Fig. 8. Block diagram of the measurement setup for the HEB-mixer receiver
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Fig. 9. Measurements of co- and cross-polarization patterns of the 900-GHz HEB receiver
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TABLE III. Results of fundamental Gaussian beam fitting and cross-polarization levels
Frequency (GHz) 881.3 906.8 925 944
Gaussicity (%) 90.418 | 89.471 | 90.574 | 88.495
Waist size in x (mm) 2.755 2.650 2.591 2.405
Waist size in y (mm) 3.072 3.149 3.093 2.815
Distance to focus (mm) | 145.329 | 142.338 | 123.360 | 134.742

Tilt in x (deg) 0.497 0.458 0.469 0.450
Tilt in y (deg) -0.084 | -0.105 | -0.104 | -0.120
Cross-Polarization (dB) | -13.05 -18.91 -11.24

Far-field patterns can be easily calculated from the measured data using Fourier transformation. As an example,
the far-field patterns at 925 GHz are presented in Fig. 10.
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Fig. 10. Far-field patterns at RF freq = 925 GHz

5. Fabrication and assembly error analysis

Using a similar approach to that for ALMA band 10 optics [14], an analysis of the effect of fabrication and
assembly errors on performance has been carried out at the design frequency of 900 GHz. MATLAB [15] has
been used to create the PO simulation input files using random dimensions, positions and orientations for all
optical components. The generated models have been analyzed using the PO software GRASP. Then, co-
polarization patterns have been fitted by fundamental Gaussian beams for easier comparison, and cross-
polarization levels have been calculated. In the calculation of cross-polarization levels, no wire grids have been
considered in order to have a more clear understanding of how the cross-polarization depends on the horn and
the ellipsoidal mirror. The effects of truncation in IR filters and cryostat window have not been considered this
time in order to speed up lengthy simulations. Fabrication and assembly errors for each simulation have been
obtained independently using Gaussian statistics with mean the design value and with different standard
deviations o, considering that the tolerance is equal to 30. More than 1000 simulations have been run with
different sets of random values for errors. At first, the same standard deviations as for ALMA band 10 analysis
were used. This is 20 microns fabrication tolerance, 20 microns assembly tolerance in each dimension and 1
mrad for orientation tolerance (model 1). The results of this simulation did not show any important degradation
in the co-polarization pattern. Therefore, two more analyses were performed. The second analysis consisted of
increasing all tolerances by a factor 2 (model 2). The third analysis consisted of using the same tolerances as for
the first and adding some errors in the diagonal horn (model 3). Specifically, the diagonal horn modes TE, and
TE,; were chosen to have slightly different amplitudes and phases. The differences were 36 = 5% for amplitude
and 30 = 10 degrees for phase. Results of mean values and standard deviations of the Monte Carlo analyses of
models 1-3 are presented in Table I'V.

Results of the previous Monte Carlo analyses show small deviations of the Gaussian beam parameters around
the average values. The effect of doubling the tolerances is just an increase of the standard deviation (about
double). The effect of considering some differences in the horn modes is just a slight degradation of Gaussicity
and cross-polarization. None of the patterns calculated in the analyses of models 1-3 showed any significant
degradation in terms of average values or spread of results. Average values were very close to ideal and standard
deviation values were small. Therefore, this means that tolerances alone cannot explain why measurements are
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different from PO simulations. Additionally, this indicates that some of the optical components in the receiver
under study are faulty. In order words, either the diagonal horn or the ellipsoidal mirror has not been properly
fabricated.

TABLE IV. Results of mean values (out of parentheses) and standard deviations (between parentheses) of
fundamental Gaussian beam fitting and cross-polarization results for models 1 to 3 at 900 GHz

Ideal Model 1 Model 2 Model 3
(nominal tolerance) | (tolerance x2) (horn modes)
Gaussicity (%) 94.603 94.603 (0.014) 94.585 (0.033) | 94.586 (0.022)
Waist size in x (mm) 3.330 3.331 (0.009) 3.331 (0.016) 3.330 (0.009)
Waist size in y (mm) 3.337 3.337(0.009) 3.337 (0.016) 3.337 (0.009)
Distance to focus (mm) | 136.754 136.759 (0.122) 136.777 (0.200) | 136.764 (0.124)
Offset in x (mm) 0.088 0.077 (0.346) 0.074 (0.692) 0.089 (0.340)
Offset in y (mm) 0.000 0.008 (0.222) 0.010 (0.384) -0.004 (0.225)
Tilt in x (deg) 0.034 0.032 (0.069) 0.032 (0.137) 0.034 (0.068)
Tilt in y (deg) 0.000 0.002 (0.044) 0.002 (0.075) -0.001 (0.044)
Cross-polarization (dB) | -13.22 -13.22 (0.04) -12.90 (0.24) -12.91 (0.24)

To study this, two extra Monte Carlo analyses (models 4 and 5) have been performed using nominal dimensions
for all components except for the component under study. In model 4, the diagonal horn dimensions have been
changed, allowing non-square apertures, using a Gaussian distribution with standard deviation equal to 1% of
average values. In model 5, the ellipsoidal mirror surface has been considered non-ellipsoidal. The mirror
surface has been described as a second-order polynomial whose parameters do not necessarily describe an
ellipsoidal surface. Each parameter has been modelled as a Gaussian variable with a 1% standard deviation. The
mean values and standard deviations for Gaussian beam fitting and cross-polarization levels of Monte Carlo
analysis results are presented in Table V for models 4 and 5.

TABLE V. Results of mean values (out of parentheses) and standard deviations (between parentheses) of
fundamental Gaussian beam fitting and cross-polarization results when some component is faulty at 900 GHz

Ideal Model 4 Model 5
(Diagonal Horn) | (Ellipsoidal Mirror)

Gaussicity (%) 94.603 | 94.597 (0.016) 93.437 (2.061)
Waist size in x (mm) 3.330 3.333 (0.024) 3.677 (1.487)
Waist size in y (mm) 3.337 3.339 (0.023) 3.781 (1.489)

Distance to focus (mm) | 136.754 | 136.741 (0.863) 175.838 (52.110)
Offset in x (mm) 0.088 0.088 (0.005) 0.162 (0.340)
Offset in y (mm) 0.000 0.000 (0.001) 0.000 (0.000)
Tilt in x (deg) 0.034 0.034 (0.001) 0.047 (0.069)
Tilt in y (deg) 0.000 0.000 (0.001) 0.000 (0.000)
Cross-polarization (dB) | -13.22 -13.19 (0.05) -12.08 (2.49)

Results of the Monte Carlo analyses of models 4 and 5 indicate that the effects of a faulty mirror impact more on
total performance than those of a faulty horn, for a 1% error in dimensions. Most importantly, in model 5, the
consequences on the average final Gaussian beam are a decrease of Gaussicity, change of waist dimensions,
beam defocus, offset increase in the x dimension and cross-polarization degradation. Another key result is the
large standard deviations of Gaussicity, waist sizes and waist positions in the case of model 5. The standard
deviation of 2% in Gaussicity means that values below 90% are possible. The waist size standard deviation
shows that variations in the order of mm are possible. In the case of the waist position, the standard deviation is
around 52 mm, which means that the position of the focus strongly relies on the mirror. In other words, model 5
results prove that if the ellipsoidal mirror is faulty, it cannot focus the beam properly in terms of Gaussicity,
waist sizes, symmetry and waist position. These degradations perfectly fit the degradations found in the
measured beams. Additionally, all beam patterns generated in the Monte Carlo analyses of models 1-5 have
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been stored. An inspection of these patterns shows that, in the case of the analyses of models 1-4, there were not
any distorted patterns, whereas in the case of the analysis of model 5, there were many distorted patterns.
Actually, some of these resembled the measured patterns, as shown in Fig. 11, even if the effects of truncation in
the cryostat mirror were not considered.

Monte Carlo analyses generate much data from individual PO simulations, which can be used to generate
histograms of the Gaussian beam parameters. These histograms provide more insight about the kind of
distribution which parameters follow when errors follow specific distributions, such as Gaussian in the case of
models 1-5. Fig. 12 presents the histograms for Gaussicity, waist size, focus offset and cross-polarization for
models 2 and 5. It thus provides a comparison between a case in which errors are due to usual tolerances and a
case in which there is a faulty component. Notice that horizontal scales are very different. Histograms for model
5 show a great dispersion of the data and distributions which are not Gaussian. In the case of model 2,
histograms show distributions with approximately Gaussian shapes, except in the case of cross-polarization.
Moreover, the data spreads for model 2 are at least one order of magnitude less than in the case of model 5.

Simulation of faulty mirror
at 900 GHz (no truncation)
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Measurement at 906.8 GHz
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Fig. 11. Comparison of measured patterns and simulations with a slightly non-ellipsoidal mirror
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Finally, the conclusions of the Monte Carlo analysis were tested by checking the beam performance and 3D
measurement of the ellipsoidal mirror. Firstly, the mirror was disassembled from the receiver and placed on a
XYZ stage in front of a probe horn. A room-temperature receiver based on Schottky diodes and manufactured
by VDI [16] with diagonal horn input has been used to detect the radiation coming from the probe horn and
reflected in the ellipsoidal mirror. A photograph of the measurement setup is shown in Fig. 13. Since the
diagonal horn dimensions used in this receiver are different from the HEB mixer block diagonal horn, new
quasi-optical analyses and GRASP simulations have been performed to compare the measured data to the
expected radiation patterns. The XYZ stage has been adjusted to provide the best possible beam focus. Results
of the measurements at the waist position and the calculated far fields are compared to GRASP simulations in
Fig. 14. Results show that even though high beam Gaussicity can be achieved (around 97%), the phase
distribution in the near field is much distorted. This translates in distorted beams in the far field, such as those
measured for the whole receiver and shown in Fig. 9 and 10.

Fig. 13. Measurement setup for the room-temperature characterization of the ellipsoidal mirror
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Fig. 14. Comparison of GRASP simulations and room-temperature measurement results

The final check on the mirror has been a 3D laser measurement performed at NAOJ. Fig. 15 shows the
measurement setup. The comparison of the measured mirror surface to the theoretical ellipsoidal surface shows
large surface errors in the entire mirror surface. In addition, there is a strange large error structure near the
mirror center, which further distorts the reflected beam. Results of the 3D laser measurement are presented in

Fig. 16.

Fig. 15. Setup of the 3D laser measurement of the ellipsoidal mirror surface
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Fig. 16. 3D laser measurement results of the ellipsoidal mirror surface

In conclusion, the ellipsoidal mirror is of poor quality and it is distorting the receiver beam patterns. The
combination of simulations and measurements has proved to be a useful and powerful tool to trace problems in a
quasi-optical system. The ellipsoidal mirror will be replaced in the future in order to improve the receiver
optical efficiency.

6. Conclusions

The optical performance of a 900-GHz HEB receiver designed at University of Tokyo to be used in the ASTE
telescope has been analyzed using quasi-optical techniques and PO simulations. Measurements have been
performed at the ALMA band 10 laboratory and results clearly differ from simulations. Five different Monte
Carlo analyses have been performed in order to try to find out what the reason for such differences is. The
statistical analyses showed that usual tolerances cannot explain such beam pattern distortions and probably,
those are due to a defective ellipsoidal mirror. This conclusion of the statistical analysis has been confirmed by
room-temperature beam measurements and 3D characterization of the mirror. This paper shows how a proper
use of all available simulation and measurement techniques can help assess the expected optical performance
and identify faulty components in a quasi-optical design. It also highlights the importance of Monte Carlo
analyses to gain more insight in how fabrication and assembly imperfections affect beam patterns. These ideas
can be of interest for any quasi-optical receiver at THz frequencies.
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