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Zusammenfassung
Der Satellit Herschel soll das Universum im Ferninfraroten, Sub-Millimeter und Millimeter
Wellenlängenbereich untersuchen. Dieser Bereich des elektromagnetischen Spektrums ist
wenig erforscht, da der in der Erdatmosphäre vorhandene Wasserdampf die Signale der
meisten astronomischen Quellen fast vollständig absorbiert. Durch das größte, jemals für
einen Satelliten gebaute, Teleskop mit 3.5m Durchmesser, wird es möglich sein eine Vielzahl
von atomaren und molekularen Linien des stellaren und interstellaren Mediums mit
außerordentlich hoher räumlicher Auflösung zu beobachten. Das Empfangssystem basiert auf
der Heterodyn-Technik, während die spektrale Information mit Echtzeit-Spektrometern
gewonnen wird. Diese Arbeit beschäftigt sich mit den Anforderungen, Spezifikationen,
Design-Konzepten und der Entwicklung eines breitbandigen akusto-optischen ArraySpektrometers, dem sogenannten WBS (Wide Bandwidth Spectrometer).
Langjährige Erfahrungen während der Entwicklung und dem Betrieb von akusto-optischen
Spektrometern (AOS) bei bodengebundenen und Raumfahrt-Anwendungen haben die hohe
Zuverlässigkeit dieses Spektrometertyps belegt. Die hohen Anforderungen des HerschelProjekts an Bandbreite und Auflösung konnten nur mit einer Hybrid-Lösung realisiert
werden. Dabei wird das Signal in Sub-Bänder aufgeteilt und mithilfe einer 4-Kanal BraggZelle analysiert. Die einzelnen Spektren der vier unabhängigen Kanäle werden per Software
wieder zusammengesetzt, um das komplette Spektrum des Eingangssignals zu erhalten. Alle
Kanäle der Bragg-Zelle werden dabei mit einem einzelnen Halbleiterlaser betrieben. Um eine
hohe Effizienz des Spektrometers zu gewährleisten ist eine Optimierung des optischen
Aufbaus erforderlich. Im Vergleich zu früheren akusto-optischen Spektrometers wurde beim
WBS eine enorme Steigerung der optischen Effizienz erreicht. Das neuentwickelte LaserModul beinhaltet die notwendige Optik zur Ausleuchtung der Bragg-Zelle. Es besteht aus
zwei Lasern - aus Sicherheitsgründen wurde ein Ersatzlaser integriert - mit zugehörigen
Kollimations- und Zylinderoptiken und einem Strahlteiler. Die Verwendung von Prismen als
Strahlteiler ermöglicht die Erzeugung von vier parallelen Laserstrahlen bei gleichzeitiger
verlustfreier Einkopplung des redundanten Lasers. Dies ist ein wesentlicher Aspekt zur
Gewährleistung der hohen optischen Effizienz. Der zweite Teil der Optik bildet das durch die
Bragg-Zelle gebeugte Licht auf einen linearen 4-zeiligen CCD-Detektor ab. Dabei stellt das
neue Design der beugungslimitierten Optik eine hohe Auflösung und Lichtausbeute sicher.
Die Optimierung der optischen Effizienz bewirkt gleichzeitig eine Steigerung der
mechanischen Empfindlichkeit des gesamten Spektrometers. Eine hohe mechanische
Stabilität ist allerdings von besonderer Bedeutung bei der Erfüllung der spektroskopischen
Stabilitätsanforderungen. Dies erzwingt den Einsatz von stabilen Materialien mit geringen
thermischen Ausdehnungskoeffizienten. Insbesondere die Laserdioden-Montierung verlangte
den Einsatz von Titan, um die thermischen Deformationen möglichst gering zu halten.
Erschwerend ist bei einem Satellitenprojekt die geforderte hohe mechanische Stabilität bei
gleichzeitig geringem Gewicht.
1
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Das Design des optischen Systems sollte eine beugungsbegrenzte Abbildung ermöglichen.
Limitiert wird die Auflösung des WBS durch die begrenzte Apertur und die vergleichsweise
schlechte optische Qualität der Bragg-Zelle. In dieser Arbeit wurden zum ersten Mal
detaillierte theoretische Untersuchen über das Auflösungsvermögen eines akusto-optischen
Array-Spektrometers durchgeführt. Die Beugung an der akustischen Apertur der Bragg-Zelle
wurde mithilfe der Fraunhofer-Beugungstheorie berechnet. Das präzise Model des Deflektors
berücksichtigt neben der frequenzabhängigen Größe der akustischen Zone auch die
Abschwächung der Schallwelle durch das Deflektor-Material. Des weiteren wurde die
Auswirkung der Laserstrahl-Position auf das Auflösungsvermögen des Spektrometers
untersucht. Dies ist besonders wichtig bei der Bestimmung des Einflusses der JustageToleranzen. Das theoretische Model bietet zusätzlich die Möglichkeit durch Linsen- und
Kristallfehler bedingte Wellenfrontstörungen und deren Auswirkung auf die Auflösung zu
untersuchen.
Als wichtiger Bestandteil der Qualifizierung wurden eingehende Untersuchungen der
mechanischen Stabilität bei thermischen, Vibrations- und Montagebelastungen gemacht. Die
frühen Thermaltests während der Entwicklungsphase gaben entscheidende Informationen, um
eine weitere Optimierung des mechanischen und optischen Aufbaus zu erreichen. Die
Resonanztests dienten zur Verifizierung der mechanischen Steifigkeit und Stabilität des
Spektrometers.
Die Laserdiode und deren Spannungsversorgung haben wesentlichen Einfluss auf die
Frequenz- und Leistungsstabilität des Spektrometers. Besonders entscheidend sind dabei
Modenstabilität, Modensprungverhalten und Wellenlängenstabilität. Um eine Vergleichbarkeit sicherzustellen, wurden Dioden aus dem selben Fertigungsprozess, aus dem auch die
Flugdioden ausgewählt wurden, bezüglich dieser Eigenschaften untersucht. Auch LaserFeedback von der Kollimationsoptik kann zu gravierenden Leistungsinstabilitäten führen.
Eine Minimierung dieser Problematik wurde durch ein spezielles Design der Optik erreicht.
Von besonderer Bedeutung sind die Ergebnisse des beschleunigten Lebensdauertest. Diese
belegen, dass die Zuverlässigkeit des Spektrometers während der Missionsdauer gewährleistet
ist.
Die Qualifikationstests simulieren die extremen Bedingungen, unter denen das WBS
ausgesetzt wird. Durch eine Vergleichsmessung vor und nach jedem Test wird verifiziert,
dass die Performanz des Geräts auch unter extremen Bedingung und Belastungen erhalten
bleibt. Das gute Ergebnis dieser Tests ist ein Beleg für die hohe Qualität des mechanischen
und optischen Aufbaus, aber auch der außerordentlichen Präzision der Justierung. Innerhalb
des Betriebstemperaturbereichs wurden vor allem die Änderung der Effizienz, des Bandpass
und der Auflösung charakterisiert. Zusätzlich wurde das Rauschverhalten eingehend
untersucht. Bei astronomischen Beobachten mit langen Integrationszeiten ist dies besonders
bedeutsam, damit sichergestellt ist das vom Spektrometer keine zusätzlichen Beiträge zum
radiometrischen Rauschen erzeugt werden. Aufgrund des soliden Aufbaus des WBS werden
Integrationszeiten von mehreren 100 Sekunden ohne deutliche Effizienzverschlechterung
erreicht. Alle durchgeführten Tests haben gezeigt, dass das Spektrometer die Anforderungen
des Herschel Satelliten-Projekts erfolgreich erfüllen wird.
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Abstract
The Herschel satellite observatory will explore the universe at far-infrared, submillimetre, and
millimetre wavelengths. This regime of the electromagnetic spectrum is difficult to observe,
because water vapour in the Earth’s atmosphere absorbs the signals of almost all the
astronomical sources. With the 3.5m telescope (the largest ever placed aboard a spacecraft), it
will be possible to observe various atomic and molecular lines with exceptionally high spatial
resolution. The receiver system employs the heterodyne technique, and the spectral
information is obtained by means of real-time spectrometers. Within this thesis, the
requirements, specifications, design concept, and development of a wide bandwidth array
acousto-optical spectrometer (WBS) is discussed.
Both ground-based and satellite applications have demonstrated that acousto-optical
spectrometers (AOS) utilize a reliable signal-processing technique. For the Herschel mission,
the spectrometers demand a large frequency bandwidth and high resolution. These are
achieved by means of hybrid technology. This means that the signal is split into four subbands and analyzed by using a four-channel array Bragg cell. The spectra of the four
individual channels are co-added by software to create the complete wide bandwidth spectrum
of the input signal. Since the channels of the deflector are illuminated by a semi-conductor
laser that provides relatively low optical power, the imaging optical system requires careful
design to make the instrument efficient. In comparison with earlier AOSs, the Herschel WBS
has outstanding optical efficiency due to its diffraction-limited and efficiency-optimized
optical design. The first part of the optics that illuminates the Bragg cell (Laser Source
Module) comprises two laser diodes (the second laser is needed for redundancy reasons), the
collimation and imaging optics, and the specially-designed beam splitter. The great advantage
of the prism-based beam splitter design is that it generates the four beams necessary for the
illumination of the deflector and makes it possible to couple the light of the redundant laser
without applying an additional beam splitter, which would significantly reduce the efficiency
of the instrument. The second part of optics images the deflected light of the Bragg cell onto a
four-line linear CCD detector. The design of the diffraction limited lens system makes it
possible to achieve the required high resolution and high efficiency.
At the same time, the optimization of the optical efficiency affects the mechanical and thermal
sensitivity of the spectrometer. Since the high mechanical stability is an important concern for
the spectroscopic stability performance of the instrument, it is essential to use materials that
have high stiffness and low thermal expansion. Specifically, the mounting of the laser diode
requires a thermally compensated design to reduce the deformations caused by thermal
changes. In addition to the high stiffness, the weight of satellite-borne instruments must be
minimized. Thus, most of the components are light weighted and made of a special
aluminium alloy.
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The imaging optical system of the spectrometer is designed to be diffraction limited.
However, the deflector considerably reduces the resolution, since it has a small aperture, and
the acousto-optical material has poor optical quality. For the first time, theoretical
investigations of the resolution involving the Bragg cell were carried out. The diffraction
phenomenon of the acoustic aperture of the Bragg cell is studied by using the Fraunhofer
diffraction theory. The model of the deflector includes the frequency-dependent dimension of
the acoustic zone and the attenuation of the acousto-optical material. Furthermore, the model
makes it possible to explore the impact of the illuminating laser beam position change relative
to the active zone of the Bragg cell on the resolution of the spectrometer. For investigations of
alignment errors, this is of particular importance. An additional highlight of this theoretical
investigation is that lens aberration errors and crystal imperfections that adversely affect the
wavefront aberration, i.e. the resolution, can be also examined by diffraction analysis.
As part of the qualification procedure, thorough thermal, deformation, and resonance
investigations are made with the spectrometer assembled with dummy loads. During the
development phase, the early tests of mechanical deformations caused by thermal variations
show the mechanical stability and thermal sensitivity of the instrument and therefore provide
detailed information for further optical and mechanical development phases. Further
resonance search tests are conducted to measure the mechanical stability of the unit.
The power and frequency stability of the spectrometer is partly dependent on the performance
of the laser diode and the stability of its power supply. Thus, the laser diodes selected from
the batch of the flight lasers were investigated to determine their single mode behaviour,
mode jump characteristics, wavelength hysteresis, and wavelength stability. Because the laser
light feedback from the surfaces of the collimating optics might also appreciably reduce the
power stability of the instrument, investigations are performed with the special collimator
design of the WBS. In order to determine the reliability of the lasers, accelerated lifetime tests
are performed, and conclusions are drawn relating to lifetime statistics.
The WBS must meet strict performance standards before it can be flown on Herschel. The
space-qualification procedure comprises diverse tests that simulate the extreme environment
of the spectrometer in orbit. The results of these tests indicate the quality of the mechanical
and optical design and confirm the adjustment precision of the instrument. Within the
operating temperature range of the spectrometer, the efficiency, bandpass, and resolution
variations are characterized. Moreover, the noise performance is investigated in detail. For
prolonged astronomical measurements it is of crucial importance that the backend system
does not significantly contribute to the radiometric noise. Due to the meticulous design of the
WBS, the outstanding noise performance makes it possible to efficiently perform integrations
of hundreds of seconds. All these tests indicate that the array acousto-optical spectrometer
designed for the Herschel satellite will operate successfully.
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Introduction
The discovery of more than 130 molecules in interstellar space through their rotational
transitions observed in millimetre and submillimetre wavelengths has demonstrated that the
enormous space between the stars in our and other galaxies is filled with a great multitude of
atomic, molecular and ionized matter. The observation of the composition of stellar and
interstellar matter, as well as the detailed information about the kinematics of these regions
through their highly resolved spectra is the key to understanding the evolution of the universe.
The enormously rapid development of instrumentation in radio astronomy and the everincreasing spatial and spectral resolution provides detailed data that are used for astronomical
models of stars, galaxies or molecular clouds for example. It has become clear on account of
the latest achievements of modern astrophysics, that the dense parts of extensive molecular
cloud complexes (Giant Molecular Clouds) play an important role in star forming processes,
thus it is essential to explore these regions in more detail.
The great importance of studying the interstellar clouds was recognized first through Sir F. W.
Herschel’s 1 activities in the 18th century. He observed all astrophysically interesting
phenomena like stars, nebulae, and star clusters. In the infinite “heaven” of stars, he
discovered about 3000 clusters and nebulae, which are nowadays often called “dark dust
clouds”. In his paper “Account of some Observations tending to investigate the construction of
Heaven” in 1784, as the result of years of his profound research, he discussed the evolution of
matter from the nebulous material to the final planetary state by means of gravitation. In this
paper, he explicitly notes “the spaces preceding them were generally quite deprived of their
stars, so as often to afford many fields without a single star in it”. This is of equivalence of
regions in the sky, where the number and the brightness of the stars “on nebulous ground” is
drastically reduced relative to the neighbouring areas. Especially beautiful examples of these
obvious dust clouds are the dark dust clouds in Taurus region, like the sources TMC 1
(Taurus Molecular Cloud), TMC 2, etc [15]. Herschel was an unflagging astronomer. For
many years, he conducted night by night systematic observations of the sky, examined
planets, stars, star clusters, and nebulae. By daytime, he worked over his results or led the
construction of his telescopes. Herschel observed sunspots, approved the gaseous nature of
the sun, rediscovered the Martian polar ice caps, and believed in possible life on Mars. He
announced the trade-wind theory of Jupiter’s belts and explored two of Jupiter’s and two of
Uranus’s moons. His main intent, he said, was a “knowledge of the construction of the
heavens”. His principal work was on stars, and in this field he made two discoveries of
principal importance: the movement of the solar system through space, and the substantiation
that binary stars move around their common centre of gravity. This evidence validated the
1

Sir William Herschel (1738-1822), British astronomer, was born Friedrich Wilhelm in Hannover, Germany,
Nov. 15, 1738. He was musician in the Hanoverian Guards but in 1757, he went to England and worked as a
music teacher and organist. From private interests he observed the stars and during his nocturnal survey of the
heavens on Mar. 13, 1781, Herschel discovered the planet Uranus. For his discovery, he immediately became
famous, and George III made him King’s Astronomer. He created many telescopes, including a 20-foot and a 40foot reflector. These enormous instruments were assembled at his home in Slough and made him world-famous.
He became one of the greatest astronomers of his time. Herschel died in Slough, England, August 25, 1822.
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universality of Newton’s gravitation theory. Herschel explored nearly 1.000 double stars. In
1785, he introduced the disc theory of the stellar system, stating that all nebulae are clusters of
stars, which he called “island universes”. He abandoned the idea of the Milky Way as a
collection of uniformly distributed stars and came to believe that it was composed of local
groups and clusters. The nebulae, he thought, were all clusters not yet resolved into stars.
However, a profound investigation of the “cold” interstellar matter at that time was
impossible through observations exclusively performed at optical wavelengths.
The technical achievements of the last century opened a new branch in the science of
astronomy. In 1932 Karl Jansky, who worked for the famous Bell Laboratories, became the
assignment to explore the extraordinary noise in short wavelengths that gave rise to problems
during intercontinental radio-telecommunications. With his “Sterba curtain array” antennae
he received interesting noise phenomena at 20.5MHz. Jansky presumed that these signals
might not originate from the Earth, but possibly from the Milky Way. Nevertheless, more
precise investigation of these radio waves was not possible with his curtain array, because of
the pure angle resolution (30°) of the aerial, and Bell Laboratories did not supported further
costly experiments. However, the young radio engineer Grote Reber was fascinated as he red
the study about Jansky’s theory of electromagnetic waves coming from the space. He
considered if the radiation had purely thermal origin the intensity should increase with
decreasing wavelength. He decided on a frequency of 3300MHz and in 1938 constructed the
first radio telescope in the world in the garden of his parents in Wheaton, Illinois, USA. It is
astonishing if one bears in mind that in the late 1930s, the highest frequency available through
commercial technology was about 100MHz. After the first attempts it was apparent that the
intensity of radio signals did not rise with increasing frequency. However, the long-awaited
success did not fail to come, at 160MHz he measured the first the radio waves of the Milky
Way [51].
After the World War II, the “One man” radio astronomy was over and a swift development of
the new science began. By now, at millimetre and submillimetre wavelengths the universe is
well explored, yet the mid- and far-infrared regime (300-20μm) is still purely observed. The
main reason for that is the opacity of the Earth atmosphere. The huge quantity of water vapour
in the atmosphere restricts exploration of all but a restricted frequency regime. Even highaltitude observatories like CSO 2 , IRAM 3 , JCMT 4 , ALMA 5 , or air-borne missions like KAO 6 ,
SOFIA 7 will never completely resolve the transmission problems of the atmosphere. In the
far-infrared and submillimetre regions there are only a few scientific data observed by the
precursor air-borne and satellite missions of ISO 8 , SWAS 9 , ODIN 10 , SIRTF 11 and IRAS 12 . In
addition, the main advantage of sub-mm spectroscopy is that at higher frequencies (THz) the
electromagnetic waves are less absorbed by the “nebulous background” i.e. the dark
interstellar clouds. Herschel must have made great use of the excellent technology of our age
in his researches and understanding of the construction of the heavens. In this sense, the submm explorer satellite presented below is worthy of bearing the name of Herschel.
2

Caltech Submillimeter Observatory
Institute für Radioastronomie im Millimeterbereich
4
James Clerk Maxwell Telescope
5
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6
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7
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8
Infrared Space Observatory
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Submillimeter Wave Astronomy Satellite
10
Swedish Small Satellite Project for Astronomical and Atmospheric Research
11
Spitzer Space Telescope (formerly, the Space Infrared Telescope Facility)
12
Infrared Astronomical Satellite
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1 The Herschel satellite project
The Herschel & Planck satellite missions are cornerstone projects of the European Space
Agency (ESA) within the ESA Horizon 2000 Science Programme. The Herschel & Planck
satellites were established to explore the far-infrared, submillimetre and millimetre frequency
range. Onboard of the Herschel Space Observatory (HSO) there are three instruments: HIFI,
PACS and SPIRE. HIFI, the Heterodyne Instrument for the Far Infrared Space Telescope
(formerly FIRST), is designed to study the universe in one of the last unexplored regions of a
wide electromagnetic spectrum. HIFI is an observatory-type satellite telescope that is going to
be operated with an unusually high spectral resolution and sensitivity with wide frequency
coverage, and high stability providing spectra for the versatile science themes of modern
astrophysics. The Photodetector Array Camera and Spectrometer (PACS) employs two
photoconductor arrays, and two bolometer arrays to perform imaging line spectroscopy and
imaging photometry of galaxies and star forming regions in the 60-210µm wavelength band.
The Spectral and Photometric Imaging Receiver (SPIRE) was established to explore the
statistics and physics of galaxies and star formations at far-infrared and submillimetre
wavelengths (200-700µm).
The Planck satellite is intended to perform astronomical observations in the submillimetre and
millimetre regime. On the board of Planck there are two astronomical instruments HFI (High
Frequency Instrument) and LFI (Low Frequency Instrument).
HIFI is a unique instrument, because it provides spectra with high spectral resolution and high
sensitivity at frequencies, which are mostly unexplored. It has a large spectral coverage
(480GHz-1910GHz), the high calibration accuracy guaranties a high measurement precision,
and since the instrument uses the heterodyne measurement technique, the observed lines are
directly velocity resolved, therefore the results are adequate for studying the kinematics and
energetics of star forming regions, for instance. These capabilities of the instrument make it
possible to contribute significantly to the science of modern astrophysics. The major science
aims of HIFI are to study the following themes [88]:
•
•
•
•
•
•

water trail in the universe,
molecular universe,
CII and OI in star forming regions,
interstellar medium and star forming in galaxies,
diffuse interstellar medium in the Milky Way, and
comets.

The following section briefly describes these science topics and the required instrument
capabilities.
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1.1 Science aims of HIFI
The HIFI instrument is intended to help answer questions like water trail in the universe,
especially in star forming regions. Although, missions like SWAS and ODIN have already
gathered some information from water, details are still unavailable. From the existing
scientific data, it is known that water is a key element in interstellar chemistry and serves as a
reservoir of elementary oxygen. In addition, water plays a significant role in the energy
balance of the interstellar and circumstellar regions as well as star and planet formation
regions, hot cores, in winds from dying stars, around active galactic nuclei, comets, and
planetary atmospheres.
HIFI is going to explore the composition of the interstellar medium in star forming regions.
The millimetre and submillimetre astronomy is required mainly to understand the physical
and chemical properties of the interstellar mediums (ISM) of galaxies. An important aspect is
the cyclic interrelation of stars and dense molecular clouds. The molecules of the ISM will be
excited and ionized by stars producing a high complexity of atomic- and molecular spectral
lines at the millimetre and submillimetre wavelength. The composition of the ISM can be also
changed through supernova explosions of dying stars resulting in heavy elements in the cloud
that initially consisted of mainly light atoms, like hydrogen and helium. The rotational
spectra of these heavy elements are purely explored, especially at THz frequencies. The other
important theme for HIFI is that stars and planetary systems as well, are formed through
gravitational collapse of interstellar molecular clouds, therefore it is essential to deepen our
knowledge in this field. The complex interaction between stars and the ISM drives the
evolution of galaxies like the Milky Way and others.
HIFI will make studies of complex organic molecules, which can help to understand the
evolution of life on the Earth and possibly on other planets in the universe. Furthermore, the
instrument is going to contribute to the redshifted [CII] line survey researches at 158μm,
which is a direct probe of star formation. The [CII] 158 micron line is the most dominant one
for gas cooling in star forming regions, and because of the high luminosity of the line,
conclusions can be drawn to the evolution of the early universe.
HIFI is going to make studies about the pressure of the interstellar gas in our galaxy, the
Milky Way, and may answer the dynamics of diffuse interstellar mediums. The satellite
instrument is going to observe dying stars, hot cores, comets, and planets with their
atmospheres, trying to clear up their origin. To make these observations possible it was
decided to establish six frequency bands that cover the required frequency range needed for
the science themes of the HIFI project. In Table 1-1 the proposed band coverage is listed
against the main science drivers [88]:
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HIFI Bands
Number of band
Frequency range [GHz]
Water trail
Molecular Universe
ISM in galaxies
[CII] lines
Star formation
Diffuse ISM
Comets
Planets

1
480640
•
•
•
•
•
•
•
•

2
640800

3
800960

•
•
•
•

•
•
•
•
•
•

•

4
9601120
•
•
•
•
•
•
•
•

5
11201250
•
•
•
•
•

6
14101910
•
•
•

•

•

•
•

Table 1-1 Demanding frequency coverage of the HIFI science drivers
The technical demands of the satellite observatory must comply with the science topics listed
above. These requirements are:
–
–
–
–
–
–
–

high sensitivity (for [CII] survey it is approx. 4 Jy km/s or 7x10-17erg cm-2s-1 at 500GHz
and 70 Jy km/s or 3x10-15erg cm-2s-1 at 1.25THz),
high spectral resolution (0.1 -0.5 km/s),
large bandwidth (4GHz),
high spectroscopic stability,
good pointing, tracking,
high calibration accuracy (10% absolute or 3% as a goal), and
flexible observing strategies like beam switch, frequency switch, raster mapping, on-thefly (OTF), dual beam switch, chop, line scanning, etc.

1.2 Orbit properties
The Herschel spacecrafts will be put into large amplitude Lissajous orbits around the second
Lagrangian point L2 in the Earth/Moon - Sun system, as shown in Figure 1-1, [35], [36]. Such
a collinear libration point (L1) has already been considered and used for other space missions
like SOHO 13 and ISEE-3 14 [12]. The advantages of orbits around the L2 and L1 points are that
eclipses will not interrupt the observation, because the Earth and the Sun remain relatively
together as seen from the spacecraft, and the radiation and thermal environment is favourably
stable. The disadvantages of these orbits are that the transfer of the satellite takes a long time,
the communication must travel large distances, 1.5million km (1%AU) and there must be
small orbit corrections taken place frequently to guarantee the stabile Lagrange orbit.

13
14
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Figure 1-1 Libration points in the Sun-Earth/Moon system. The L2 point, used for Herschel,
lies approximately 1.5 million km from the Earth in the opposite direction of the
Sun. The satellite moves on a quasi-periodical orbit, which is at the gravitational
equilibrium of the Sun-Earth/Moon system
The Lissajous orbits are harmonics oscillations with small phase changes. Choosing the initial
phase angle and applying small manoeuvres it can set an orbit where the satellite will not be
eclipse during the mission. There are additional manoeuvres necessary to keep the spacecraft
on orbit because of gravitational perturbation of other planets in our solar system and the Sun,
and because of the solar radiation pressure [37]. Note, that the large mass of Herschel is
responsible for the large amplitude of the Lissajous orbit. The launch is proposed to take place
in 2007/2/15 near the equator at Kourou, which results in the consequence that the orbits
around the L2 libration point lie near the ecliptic plane. The transfer and the Lissajous orbits
of Herschel can be seen from two projection planes in Figure 1-2 [16].

Figure 1-2 Lissajous orbits of Herschel in the first two weeks period. In the picture the
direction of the Earth and the Sun are marked with dashed and dotted lines
respectively.
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The Planck satellite will have slightly different orbit with smaller amplitude than Herschel
because of its sky scanning strategy and the constraints on the Sun to Earth viewing angle.
Therefore, the two spacecrafts will separate approximately 133 minutes after launch [34].
The estimated lifetime of Herschel is 3.5 years from launch, which will be mainly limited by
the finite quantity of the cooling material of liquid helium. Calculating that the transfer to
orbit will take half a year, the useful lifetime is reduced to 3 years. The telecommunication
between the satellite and ground station, which will be in Perth, will produce an additional
observation time reduction. The downlink of the scientific data packages will take up to 3
hours daily, and during these periods the instrument computer will be not able to observe or
may conduct only limited observations. Additional observation time losses will be caused by
the not immediate intervention into the system operation in case of a failure when the
telescope collects unusable data.
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2 The Herschel satellite
2.1 Launcher
Within the ESA cornerstone mission the Herschel and Planck satellites will be launched with
a single ARIANE5 ESV-type launcher in stacked configuration, as shown in Figure 2-1 [40].

Figure 2-1 The Herschel/Planck satellites in stacked arrangement
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The rocket is designed to be able to inject the large payloads of the two satellites; it allows for
a maximum in-orbit mass of 5310kg.

2.2 Herschel structural construction
Structurally the Herschel satellite can be divided into two components:
–
the Herschel Payload Module (HPLM) and
–
the Herschel Service Module (HSVM).

2.2.1 The Herschel Payload Module

2.2.1.1 The telescope
The Herschel Payload Module comprises a 3.5m diameter axial-symmetric Cassegrain
telescope, shown in Figure 2-2, and the helium cryostat. The telescope consists of a parabolic
primary and a hyperbolic secondary mirror, the mirror support structures, baffles and the
contamination release system.

Figure 2-2 Model of the 3.5m diameter axial-symmetric Cassegrain telescope and the
secondary mirror supporting structure [52]. The telescope is designed for the
operating wavelength range of 60-670μm.
The useful aperture of the primary mirror is less than its total mechanical diameter. On one
hand, the 308.1mm secondary mirror is undersized relative to the primary mirror. This results
in an effective diameter of 3.28m of the primary mirror. On the other hand, there is a 560mm
hole in the primary mirror, where the beam is coupled out to the focal plane unit, and there is
an obscuration caused by the hexapod supporting structure of the secondary mirror. The
overall geometrical blockage caused by the sub-reflector and its supporting structure shows
up twice in the beam path. Once when the sky beam enters the primary mirror, second when
the beam is reflected from the primary mirror. The geometrical blockage, which is 7.7% of
the full aperture of the primary mirror [53], reduces the beam efficiency of the telescope.
The expected total surface error of the primary mirror, taking cool down distortions also into
account, is less than 3μm rms [3]. Compared to the perfect mirror, this results in antennae
efficiency degradation, especially at the highest frequency band (5.5% at 1.9THz [52]). The
effective focal length of the mirror is 28500mm at the operating wavelength range of 60670μm [40].
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2.2.1.2 The helium cryostat
The cryostat, shown in Figure 2-3, provides a thermal- and optical interface between the
telescope and the focal plane units. Inside the cryostat is the Focal Plane Unit (FPU) of the
three astronomical instruments HIFI, PACS and SPIRE mounted on the common Herschel
Optical Bench (HOB). Moreover, the cryostat accommodates the Local Oscillator Unit
(LOU), the beam folding optics and waveguides towards the Herschel Service Module.

Figure 2-3 The Herschel Cryostat [40]
The FPU contains the relay optics assembled with the SIS and HEB mixers, the optical
combiners, preamps, IF amplifiers, power combiners, chopping mechanisms and the
calibration sources. The mixers are cooled down to 1.7K, which guarantees the low noise and
high sensitivity performance. The first IF amplifier chain and the receiver optics work at 20K
in order to keep the additional noise level low. In the next120-150K stage the second IF
amplifier chain and the local oscillators operate. The last IF power amplifiers, the correlators
(HRS), the acousto-optical spectrometers (AOS) and the control electronics operate at
ambient temperature, outside the cryostat (c.f. next Section).
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2.2.2 The Herschel Service Module
On the Herschel Service Module, seen in Figure 2-4, are placed the following spacecraft
subsystems [40]:
the Structure Subsystem,
the warm units of HIFI, PACS, and SPIRE,
the Thermal Control System (TCS),
the Attitude Control and Measurement Subsystem (ACMS),
the Propulsion System,
the Telemetry, Tracking and Command Subsystem,
the Command and Data Management Subsystem,
the Power Control Subsystem,
the Solar Cell Array, and
the Harness.

–
–
–
–
–
–
–
–
–
–

Figure 2-4 The Herschel Service Module consisting of the spacecraft subsystems. The eight
panels of the HSVM will be turned up during the launch and transfer to the orbit.
The Structure Subsystem of the HSVM, seen in Figure 2-4, carries all the warm units of the
three instruments (HIFI, PACS and SPIRE), the avionics, and the sunshield, which protects
the telescope from the direct radiation of the Sun and minimize the thermal fluctuations of the
primary and secondary mirrors. On two panels of the HSVM structure are mounted the two
Wide Bandwidth Array Acousto-Optical Spectrometers, which comprises the WBO optical
units and the WBE electrical units developed by KOSMA 15 .
The Thermal Control System regulates the temperature of the interface plates required for the
proper operation of the subunits. For instance, the operation temperature range of the WBO is
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between +5°C and +15°C with a maximum gradient of 0.3mK/sec. If the thermal I/F does not
maintain this range the instrument would work with reduced resolution and stability.
The Attitude Control and Measurement Subsystem is a composition of altitude sensors,
actuators and electronics with its onboard software that controls the altitude of the satellite
during the whole mission.
In order to keep the satellite in the right position and to be able to realize small orbit
corrections modifications and navigations, a Propulsion System is equipped on board. To the
system belong the propellant storage tanks, valves, pipes and pressure thrusters. All of this
equipment is driven by the Attitude Control System.
The communication between the Earth station and the spacecraft is managed by the
Telemetry, Tracking and Command Subsystem. Here there are radio frequency signals
transmitted and received up to 3 hours a day carrying the scientific and housekeeping data
packages.
Before the scientific and housekeeping data are transceived, the Command and Data
Management Subsystem collets, validates, decodes, and encodes them. After processing, the
unit distributes the commands for the other instruments.
The Power Control Subsystem monitors, and distributes the electrical power produced by the
solar cells. The unit consists of safety circuits, which prevents the consumers from receiving
higher current and voltage than permitted.
The Solar Cell Array, which is assembled together with the sunshield on the side of the
spacecraft, supplies all the electrical equipments on the satellite.

2.3 Heterodyne receiving and the HIFI instrument
The HIFI instrument uses the heterodyne signal processing technology. This allows
astronomical observations at high frequencies, where low noise amplification is impossible.
The principal of the heterodyne receiving is that the high frequency electromagnetic radiation
is down converted to lower frequencies, where the signal processing is easier [33]. The down
conversion is attained by using a very stable, monochromatic signal, the local oscillator (LO)
signal, and a mixer. The mixer multiplies the astronomical signal with the LO signal,
producing an output having the difference frequency of the two input signals. The output
signal or Intermediate Frequency (IF) contains the same spectral information as the
astronomical signal itself, but at much lower frequency:

AS cos(ω S t ) ALO cos(ω LO t ) =

AS ALO
{cos(ω S + ω LO ) ⋅ t + cos(ω S − ω LO ) ⋅ t}
2

(1.1)

Further advantage of the heterodyne detection is that the local oscillator (low noise) amplifies
the intensity of the weak astronomical signals. A major drawback is that the down conversion
process results in the same IF frequency band if the input signal was mirrored to the LO
signal. The mirrored frequency band is also called the image sideband. The IF band is
therefore a combination of the signal and image sidebands. This has consequences for science
planning, because the desired line in the signal sideband may be blended with unwanted lines
from the image sideband. Thus, the frequency deconvolution of the observed line must be
17
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performed in software. Other disadvantages of the system are that the receiver needs mixers
working at very high frequencies, the mixers themselves contribute to the noise level of the
astronomical signal, there is a considerable signal loss during the mixing process, and the
system requires extremely stable high frequency local oscillators.
The functional diagram of the HIFI instrument is shown in Figure 2-5 [95].
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Figure 2-5 Functional diagram of the HIFI instrument
The local oscillator signal is generated in LO sub-bands consisting of a chain of frequency
doublers or triplers and power amplifiers. The master signal of the local oscillator is produced
in the Local oscillator Source Unit (LSU), and the Local oscillator Control Unit (LCU)
regulates the components of the LOU. In the Focal Plane Unit (FPU), the signal from the sky
is combined with the LO signal and fed into the mixers, where the mixing process is
performed for the horizontal and vertical polarizations. At the low frequency (below
1250GHz) bands of the HIFI instrument, SIS tunnel junction mixers are used. They consume
very little LO power and their sensitivity is very high. On the high and low sections of band 6,
hot-electron bolometers (HEB) are used, providing the required high working frequency and
sensitivity.
The HIFI instrument is capable of observing horizontally and vertically polarized signals in
parallel. Thus, the backend system consists of two IF signal processors, where the IF signals
coming from the mixers are amplified and converted to the input frequency bands of the
spectrometers. Onboard Herschel are two different spectrometers: two Wide Band
Spectrometers (WBS) [76] and two High Resolution Spectrometers (HRS), according to the
two polarization directions. The WBS has 4GHz bandwidth, and spectral resolution of 1MHz,
while the HRS has 2GHz bandwidth, and its spectral resolution is adjustable: 135, 270, 539
and 1078kHz, in varying bandwidths. The Instrument Control Unit (ICU) controls the
individual units of the receiver system.
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Bandwidth
The spectrometers, considered as backends for submm heterodyne receivers, must deal with
various technical and instrumental performance requirements. The exploration at submm and
far-infrared wavelengths creates a great demand for spectrometers with large bandwidth. For
instance, observations of Doppler-broadened atomic or molecular transitions in galactic
sources require a velocity coverage of 600km/s, which corresponds to approximately 4GHz
bandwidth at 2THz. Similarly, for pressure broadened line observations in the Earth or other
planetary atmospheres, wideband spectrometers are indispensable.
Frequency resolution
In general, with increasing frequency of the observed line the required frequency resolution
decreases (the ratio of the resolution and observed frequency is practically constant). Taking
into account that on HIFI the observations are going to be performed from 480GHz up to
nearly 2THz frequencies, 1MHz resolution will be appropriate in almost all cases.
Efficiency
Since the costs of the observing time of satellite missions are enormous, it is important to
conduct fast and efficient observations. This requires real time spectrometers with maximum
efficiency.
Signal-to-Noise ratio
Generally, the observed signals of radio astronomical sources are very weak; their intensities
are small compared to the background noise. The only possibility to increase the Signal-toNoise ratio is to perform long integration on the source. The signal itself is proportional to the
integration time, while the noise background, which is characterized as white noise, increases
only with the square root of the integration time. So long as the statistical behaviour of the
background noise is white noise dominated, the S/N ratio can be improved by integration
time. For heterodyne receivers the S/N ratio is generally given by the radiometer equation
[54]
S TSignal
=
N
TSys

B fl ⋅ t int ,

(3.1)

TSignal – signal temperature (equivalent temperature of a black body),
– system temperature,
TSys
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Bfl
tint

– fluctuation bandwidth of the spectrometer (c.f. Section 7.9),
– integration time.

Depending on the fluctuation bandwidth of the spectrometer and the system temperature, the
radiometer formula expresses the necessary integration time within which a required S/N ratio
is reached. During an observation, the upper limit of the achievable maximum S/N ratio is
determined by the noise contribution of the system. This can be affected by instabilities of the
receiver system (e.g. through thermal drifts) or by the Earth atmosphere (at ground-based
observations). From the radiometer formula it also follows that increasing the resolution of
the spectrometer results in a S/N ratio reduction. Thus, the resolution should adapted to the
line widths of the observed lines.
Spectroscopic stability
In case of white noise and idealized operation of the spectrometer, the radiometric noise
decreases according to the radiometer equation with the square root of the integration time.
Instabilities in the instrument can occur due to thermal fluctuations, electrical drifts or
mechanical influences that degrade the ideal functioning of the spectrometer. The
spectroscopic stability of the device is characterized by the maximum integration time, over
which the background noise decreases, i.e. the S/N ratio increases. Further integration on the
source results in increased noise of the observed signal. The standard method to determine the
stability performance of an instrument is the Allan variance measurement, which is discussed
in Section 10.9.1. So long as the system noise behaves as white noise, the spectroscopic Allan
plot shows a decrease of noise with the slope of -1. Due to system drifts, the slope of the
curve increases and finally becomes positive. The minimum of the Allan plot (Allan
minimum time) indicates the maximum integration time when system drifts become equal to
the background noise, and therefore it is a measure of the stability.
The allocated mass of the HIFI instrument is 189kg, and the whole Herschel satellite is rather
heavy, weighing around 3.25 tonnes. To move such a big mass during an observation is time
consuming, therefore it has a direct consequence for the required stability of the instrument
and its components. In case of observations of galaxies, for instance, the telescope is needed
to move to an off position, because of calibration reasons. In this case, the slewing time is
approximately 3 minutes within which the instruments of the satellite must be stable. Thus,
the required stability for the instruments of HIFI is a few hundred seconds. Such a long time
stability can only be attained with a careful mechanical, optical, and electrical design of the
instrument, moreover a very stable thermal environment is required.
Total power stability
For absorption line studies, for instance, accurate continuum levels are required, thus the total
power stability of the instrument is important. The total power stability requirement at
instrument level is 2 seconds.
Noise dynamic range
From the noise performance point of view, it is essential that the spectrometer does not
increase the system noise significantly. Since the detection efficiency of the spectrometer
depends on the additional noise added by the final detector (CCD in an AOS), its noise
contribution is crucial. Thus, this noise contribution, which is also function of the detector
efficiency, determines the usable intensity range of the input signal. The dynamic range where
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the system noise contribution to the radiometric noise remains below 1dB defines the noise
dynamic range of a spectrometer. This value determines the minimum input signal intensity
where a measurement can be accomplished. Therefore, it is also important that spectrometers
have as large noise dynamic range and high efficiency as possible.
Power linearity
In case of sources with continuum signals or during measurements like position switching
where large offsets are present in the observed signals, good linearity of the instrument is
required in order to prevent the introduction of baseline distortions in the measured data and
to achieve good calibration accuracy.
Physical properties
For satellite missions the physical aspects of the instruments are of special interests: these are
the small size, low weight, but high mechanical stiffness, low power consumption and high
reliability of the components.

3.1 Different spectrometer types used for submm astronomy
The science demand of the HIFI project for high resolution is fulfilled by digital autocorrelators (HRS) working at moderate bandwidths (<1GHz, variable), while the large
bandwidth is covered by applying wide bandwidth (4GHz) hybrid acousto-optical
spectrometers (WBS). In the following sections, the commonly used spectrometer types are
briefly discussed and their advantages and disadvantages are compared.
Filterbanks
A classical spectrometer type is the widely used filterbank. It consists of a large number of
narrow bandpass filters; their shape and bandwidth can be designed to any desired form. The
single frequency detectors square the input amplitude, so the output signal is proportional to
the signal intensity. The filters can be constructed by using passive electrical components, but
applying integrated circuits is also feasible. Filterbanks are working successfully at many
ground base observatories, like the IRAM 30m telescope (2x1GHz bandwidth, 4MHz
resolution) [61], SMTO 16 near Tucson, AZ or even on satellite missions, like the MLS 17
instrument on UARS 18 . However, a major drawback is the enormous complexity of the filter
system if a bandwidth of several GHz with a few MHz resolution is desired. Moreover, such
instruments have large size and weight, and relatively high electrical power consumption. The
stability of the system could be adequate, but needs a very good temperature control system.
Thus, for satellite applications where large number of frequency pixels is required, filterbanks
are not an appropriate choice.
Digital auto-correlators
In auto-correlator spectrometers the input signal is digitized, then delayed in a sequence of
discrete steps. The delayed samples are multiplied with the undelayed input signal and the
products are integrated separately for each of the delay lines. The resulting auto-correlation
16
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function is Fourier transformed to get the power spectrum. Since the main part of the signal
processing is done in the time domain, the input signal can be digitized with few quantisation
levels (usually with 1.5 or 2 bit samplers) [17], therefore high-speed digital electronics must
be used. The bandwidth of a correlator is proportional to the sampling frequency
B=

1
,
2δt

(3.2)

where δt is the sampling time of the A/D converter. The number of the delays (lags)
determines the bandwidth δf of a single frequency channel

δf =

1
.
2 Nδt

(3.3)

The real resolution of the instrument depends also on the weighting function used for the deconvolution. Due to the rapid development of high-speed samplers it seems possible to
fabricate auto-correlators with large bandwidths (2GHz or even higher) with a resolution of
250kHz, but they are still only available as hybrid systems [23]. Despite their promising large
and variable bandwidth, high resolution, good stability and high reliability; the relative high
power consumption, due to the fast samplers and the complexity of the system, is still a
problem to be solved. Further drawbacks are that the software is rather complex and the
instrument has a relatively low efficiency (80% at 1.5 bit) compared, for instance, to an
acousto-optical spectrometer. Nevertheless, auto-correlators are widely used at many groundbased observatories like JCMT 19 , SMA 20 , EVLA 21 , GBT 22 , IRAM, APEX 23 and one hybrid
instrument with moderate total bandwidth of 800MHz is flying onboard Odin.
Chirp transform spectrometer
In a Chirp Transform Spectrometer (CTS) the input HF signal of the heterodyne receiver is
mixed with a swept (chirp waveform) local oscillator signal. After mixing, one of the
resulting sidebands is fed into a compressor chirp filter (surface acoustic wave filter) that has
the inverse slope of the multiplier chirp signal (dispersion). The process effectively causes a
compression of the input signal with frequency dependent delay. Thus, the various frequency
components of the input signal leave the system as series of consecutive pulses. After
separation of the frequency components of the local oscillator, the output signal of the
dispersive filter is square law detected and finally digitized. Since the output signal has the
same bandwidth as the input signal, the sampling rate must be very high to achieve the
maximum bandwidth of the instrument (δt=1/(2B)). Actually, the CTS is the fastest of all
spectrometers, because only one “detector” is used for all frequency channels, there is no read
out time, and it does not require integration before the detection. The resolution of the device
is determined by the chirp time δf=1/T. The latest improvements with applying the fastest
samplers allow a frequency bandwidth of 205MHz and a resolution of 50kHz [32]. A further
advantage of the instrument is that it has large dynamic range, small weight and compact
design. Nevertheless, large bandwidths have not been attained so far.
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Digital FFT spectrometers
In a digital Fast Fourier transform spectrometer the input signal amplitude is digitized with a
high speed A/D sampler, then the fast Fourier transformation of the signal is performed in real
time by using FPGA 24 . Main advantages of the spectrometer are the relatively large
bandwidth, high resolution, high efficiency, large dynamic range, low weight, small size and
the absence of optical or mechanical components. Achieving large bandwidths with FFTs is
still a challenge, but the rapid development of the digital technology gives hope for their
applications. FFTs are in operation at the Effelsberg Radio Observatory and ETH Zürich, and
will be operated at KOSMA. The latest achievements at ETH Zürich with the ARGOS 25
instrument are 1GHz frequency bandwidth, 61kHz resolution (16384 channels) and 50dB
dynamic range [45].
Acousto-optical spectrometers
The principle of the acousto-optical signal processing is based on the deflection of light on an
ultrasonic wave in an acousto-optical material [89]. The high frequency (HF) input signal is
coupled into the acoustic crystal by using piezoelectric transducers. Through the photo-elastic
effect, the ultrasonic wave produces a periodic variation of the refractive index, which can be
considered as a thick phase grating. Illuminating the phase grating with a monochromatic
light source, a portion of the light beam is deflected. Since the grating constant is proportional
to the input frequency, the deflection angle is dependent on the input frequency. The deflected
laser beam is then imaged onto a CCD line detector, where each pixel represents a single
frequency component of the input signal. The resulting analogue signal of the CCD is read out
and digitally converted in the electronics unit. The bandwidth of the instrument depends on
the material constants of the deflector (c.f. Section 4.3, Eq. 4.28), but it varies typically
between 40MHz and 3GHz. With special zoom optics, there have even been variable
resolution devices constructed [79]. The achievable resolution of an AOS lies between 30kHz
and a few MHz depending on the bandwidth (30MHz – 3GHz) and the number of resolvable
spots (usually around 1000). The small number of components allows a compact design with
small weight and high reliability, and, due to the slow readout time, the power consumption of
the instrument is very low. The stability of the device depends on its thermal environment, but
a few 100 seconds of integration time is realizable. The fabrication of hybrid deflectors makes
it possible to build very compact hybrid spectrometers that can be used either for array
receiver systems providing 4x1GHz bandwidth or as wide bandwidth spectrometers by
combining the single channels into one 4GHz band. In comparison with 4 single 1GHz AOSs
the advantages of an array AOS are the less complexity, smaller weight, smaller size, higher
reliability, lower power consumption, and lower costs. Furthermore, since the thermal,
mechanical and optical conditions are the same for all bands, the frequency response of the
four 1GHz bands is identical, thus, identical frequency calibration is guaranteed. The stability
of the bands is very similar and in case of relative short integration times; there is no
platforming effect recognizable. The disadvantage of the hybrid solution is that rather
complicated IF frequency processing is needed to split the 4GHz bandwidth into the input
frequency range of the four 1GHz bands. Acousto-optical spectrometers are widely used at
many ground-based telescopes (KOSMA, CSO, SEST 26 , MARS 27 , AST/RO 28 ), a 1.4GHz
bandwidth AOS has been successfully operating aboard the SWAS mission since December
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1998 [50], [86], and several 4GHz bandwidth array-AOSs are going to be operated on the airborne SOFIA 29 observatory.

29

Stratospheric Observatory For Infrared Astronomy
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4 Acousto-optical signal processing
For phase- and amplitude modulation of light, there is a wide variety of possibilities. Among
the electro-optical, magneto-optical or liquid crystal modulators, devices based on the
acousto-optical effect are the most commonly used instruments for spectral analysis. The
principals of these modulators are based on the acousto-optical interaction that was
discovered first theoretically by Brillouin in the 1920s and later experimentally by Debye et
al. [20].
The principle of the acousto-optical effect is that in an optically transparent material the light
propagating through the medium interacts with the excited ultrasonic wave. The sound wave
mechanically deforms the crystal lattice: at the nodal points of the acoustic wave the crystal
lattice is at standstill, whereas it is vibrating with the acoustic frequency. These kinds of
density oscillations give rise to periodic changes in the dielectric constant, and hence in the
refractive index. This phenomenon is known as the elasto-optical Pockles-effect. The
structure of the periodically changing refractive index acts as a phase diffraction grating on
which the incident beam of light is diffracted and modulated. Depending on the diffraction
regime, two special cases are distinguished: the Raman-Nath diffraction, which can be
observed in case of normally incident light to the ultrasonic wave, small interaction lengths
and low acoustic frequencies. The diffraction pattern can be compared with a usual phase
grating; the angular positions of the diffraction orders are given by
sin ϑ n =

nλ
, n=0, ±1, ±2, …,
Λ

(4.1)

where λ is the wavelength of the incident light and Λ is that of the ultrasonic wave. The
frequencies of the diffracted orders are Doppler-shifted by ω i = ω + nΩ .
The other regime of the acousto-optical diffraction is the Bragg diffraction. It occurs at higher
sound wave frequencies, for not normal incidence of light and large interaction length. In this
case, only one diffraction order can be observed, either the first positive or negative order.
Physically the interaction zone can not be considered as a simple phase grating because both
the phase and the amplitude will be modulated by the acoustic wave. The interaction in the
active zone becomes three-dimensional and acts as a thick phase grating. With destructive
interferences, there is a selective diffraction of the incident beam and therefore only one
diffraction order exists. The effect can only be observed at one particular angle, the Bragg
angle. The two types of diffraction can be characterized by the Debye-Sears ratio [20]
Q=

2πλL
,
nΛ2

(4.2)
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where

λ – wavelength of the incident beam in vacuum

Λ = v / f – wavelength of the acoustic beam
v – acoustic velocity
f – acoustic frequency
L – interaction length in the crystal
n – refractive index of the crystal
It has been established experimentally that for Q ≤ 0.3 Raman-Nath diffraction is observed,
whereas for Q ≥ 4π Bragg diffraction is visible [57].

Theoretically, the acousto-optic interaction in anisotropic media can be described by the
Maxwell equations in the absence of currents and free charges

rotE = −∂B / ∂t

(4.3)

rotH = ∂D / ∂t

(4.4)

divD = 0

(4.5)

divB = 0

(4.6)

D = εE .

(4.7)

The sound wave causes perturbations in the dielectric constant of the medium

ε = ε 0 + Δε sin(Ωt − Kx)

(4.8)

and in the polarization of the incident light
P = P0 + ΔP ,

(4.9)

where Ω , K and x denote the angular acoustic frequency, the acoustic wave number vector
and the propagation direction of the ultrasonic wave, respectively. The perturbation of the
polarization ΔP can be expressed by [19]
ΔPi = Δε ij E j = −1 / 2ε imε in pmnkl skl E j ,

(4.10)

where pmnkl is the photo-elastic tensor, skl is the acoustic strain in different directions and the
Einstein summation convention is used. Using these relations, the system of equations
simplifies to the so called polarisation dependent wave equation in perturbed medium
∇ 2 E = n( x, t )∂ 2 E / ∂t 2 + μ∂ 2 (ΔP) / ∂t 2 ,

(4.11)

where we applied the relation between the refractive index and the dielectric constant

n( x, t ) = ε ( x, t ) .

(4.12)

The solution of the wave equation yields the coupled, phase matched periodic functions in
terms of the electric field and polarization components, respectively. Since the refractive
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indices in eq. (4.12) are functions of the incident wave directions, an explicit general solution
of (4.11) can be found only in particular cases.
From the momentum conservation law it follows that the sum of the diffracted ( k d ) and
acoustic (K) wave number vectors are equal to the incident ( k i ) wave vector
ki = k d + K .
(4.13)
In other words, at a certain incidence angle of the light wave the triangle consisting of these
three vectors must be complete. The special condition of the wave vectors is known as the
Bragg condition and the angle of incidence the Bragg angle. Figure 4-1 shows the general
anisotropic case of the Bragg diffraction for LiNbO3. The ultrasonic wave is always divergent
due to the finite dimension of the transducer. Therefore, the momentum conservation is
always fulfilled within the relatively wide range of divergence of the acoustic wave and
corresponds to a large bandwidth of the Bragg cell. By choosing materials that offer low
acoustic attenuation and by applying the tangential phase matching technique - where the
acoustic wave vector is nearly orthogonal to the diffracted light vector - bandwidths of 23GHz can be obtained [13].

[110]
K
K'
Δθa

kd k'
d
θd θd'

ki
θi

ne no [100]

Figure 4-1 Interaction geometry of the anisotropic Bragg diffraction for LiNbO3. The case of
an ultrasonic wave perpendicular to the optical axis is of particular interest. There
the relative small divergence of the acoustic wave vector results in a significant
large rang of the diffraction angle and therefore in a high bandwidth of the device.
The diffracted light has maximum intensity when the phase matching is exactly fulfilled. In
birefringent crystals, this occurs at two different acoustic frequencies (K and K’ wave vectors
in Figure 4-1). Near these frequencies (quasi-conservation of momentum) the efficiency is
smaller, resulting in the typical bandpass shape of an anisotropic Bragg deflector, as shown in
Figure 4-2.
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f1

f2

Frequency

Figure 4-2 Frequency bandpass function of an anisotropic acousto-optical deflector. The
exact phase matching occurs at two acoustic frequencies resulting in the doublepeaked frequency response.

4.1 Diffraction angles
In case of the Bragg condition, when eq. (4.13) is valid, the incidence and diffraction angles
can be expressed as functions of the acoustic frequency [72]:

sin ϑi =
sin ϑd =

λf ⎡

⎤
v2
(
1
no2 − ne2 )⎥ ,
+
⎢
2 2
2n o v ⎣
f λ
⎦

λf ⎡

⎤
v2
(
1
ne2 − no2 )⎥ ,
+
⎢
2 2
2ne v ⎣
f λ
⎦

(4.14)

(4.15)

where the refractive indices no and ne are generally functions of the light wave directions,
no = no (ϑi ) and ne = ne (ϑd ) ; ϑi and ϑ d are the angles of the incidence and diffracted light
waves relative to the straight line orthogonal to the [100] crystal lattice vector (see Figure
4-1).
Theoretically, from equations (4.14) and (4.15) it follows that Bragg diffraction can occur at
rather low and high frequencies. Depending on the laser wavelength and the acoustic material,
the lower and upper limit of the operating frequency is at the order of a few 100MHz and
20GHz, respectively [44]. Nevertheless, the bandpass range of the device strongly depends on
the working point, i.e. the incidence angle of light. Figure 4-3 shows a theoretical plot of the
incident and diffracted beam angles versus the acoustic frequency in anisotropic crystals for
the Bragg condition.
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Figure 4-3 Incident and diffracted beam angles of the Bragg diffraction vs. acoustic
frequency.
An optimal operation of the acousto-optic deflector can be achieved in the region
dϑ
where i = 0 , because with small angular dispersion of the incident beam large deflection
df
angular range, ϑ d i.e. large bandwidths can be obtained. Moreover, the small dispersion of
the incident beam improves the angular power density of the acoustic field, and consequently,
the acousto-optical efficiency.

4.2 Diffraction efficiency
For applications of acousto-optical devices, it is important to have high diffraction efficiency.
The greater the efficiency, the less the required incident light intensity and acoustic power. If
the required laser light intensity is small, semiconductor light sources can be applied. The
small ultrasound power, i.e. the HF frequency intensity makes it possible to process weak
signals. Keeping the power levels low has consequences on the overall power and mass
budget, both being important concerns for space applications.
The expression of the diffraction efficiency can be derived from the ratio of the intensities of
the diffracted and incident light [19]

η=

Id
π 2 LPtot M 2
= sin 2
,
I0
2 Hλ2

(4.16)

H – ultrasonic beam height
M 2 – acousto-optic figure of merit
Ptot = LHPa – total acoustic power

Pa – acoustic power
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High diffracted light intensity can be achieved by using an incident light beam with short
wavelength and high power (recently there are frequency doubled laser diodes of 488nm
wavelength with 200mW power applicable). Furthermore, choosing materials with small
acoustic attenuation keeps the interaction zone long. The large figure of merit and the small
acoustic transducer height increase the diffraction efficiency as well. The figure of merit, a
material parameter introduced by Smith and Korpel [85], can be used for comparing the
efficiency properties of different acousto-optical materials

M2 =

p 2 n06
,
ρv 3

(4.17)

p – photo-elastic coefficient
n0 – refractive index of the crystal in the direction of the acoustic propagation
ρ – density of the medium
v – acoustic velocity
If we consider the effect of the acoustic bandwidth and match the height of the optical beam
to the acoustic transducer, a considerably different expression of the diffraction efficiency
results [19]

η=

1.8π 2 Ptot M 2' 1
Id
=
,
I 0 2Δf a f c cos ϑ B λ3

(4.18)

f c – centre frequency of the acoustic beam
Δf a – bandwidth of the acousto-optic deflector

ϑ B – Bragg angle
M 2' – acousto-optic figure of merit, with a slightly different definition

M 2' =

p 2 n07
.
ρv 2

(4.19)

Expression (4.18) reflects that using laser light of short wavelength rapidly increases the
diffraction efficiency. Furthermore, applying optical materials with large figure of merit, i.e.,
crystals with high refractive index, is also favourable. On the other hand, the velocity of the
ultrasonic wave should be kept low. In practice, to improve the performance of a deflector,
detailed calculations are needed on the crystal cut, and compromises must be made
concerning centre frequency, bandwidth, resolution and optical quality. A comparison of the
characteristics of commonly used acousto-optical materials can be found in Appendix A. In
addition to the widely used Lithium-niobate (LiNbO3), there are other promising optical
materials, like TeO2 or rutile (TiO2) which have high density, high refractive index, wide
optical transmission, small acoustic wave velocity, and therefore a large figure of merit. Due
to the high density of the crystal, the sound wave attenuation is also rather high. This is
undesirable, because it results in limitations in centre frequency, bandwidth, and resolution
and in certain cases produce a heat effect that leads to spectroscopic stability problems of the
instrument (see Section 10.13). An investigation of rutile is currently being done at KOSMA
within the project of an ultra-large bandwidth (3-4GHz) spectrometer [64].
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4.3 Time-bandwidth product
The spectral resolution of the device is determined by the time-bandwidth product. It
expresses the maximal amount of resolvable angles, N, and is defined as the ratio of
deflection angular range to the angular resolution
Δϑ

N=

.

δϑ

(4.20)

For ultrasonic waves, the product of wavelength and frequency is the acoustic velocity

λa f a = va .

(4.21)

As mentioned before, the acoustic frequency represents a phase grating with the spatial
frequency of υ defined by
1

υ=

λa

.

(4.22)

The diffraction angle of a phase grating is proportional to the incident light wavelength and
inversely proportional to the spatial frequency of the grating

ϑ=

λ
.
υ

(4.23)

The substitution of (4.21) and (4.22) into (4.23) yields

ϑ=

λf a

.

va

(4.24)

From this simple consideration it can be seen the diffraction angle is a linear function of the
acoustic i.e. signal frequency. However, that is a first order approximation. The real
diffraction is slightly nonlinear due to the nonlinear interaction geometry of the acoustooptical interaction, the nonlinear refraction of the diffracted beam at the crystal surface, and
the nonlinear angle dependence of the extraordinary component of the refractive index. For
small variations of the acoustic frequency, (4.24) yields the diffraction angular range of
Δϑ = Δf a

λ
va

.

(4.25)

The optical angular resolution, δϑ , can be expressed by using the definition of the effective
aperture, Aeff , of the deflector (see Section 7.6):

δϑ =

λ
Aeff

.

(4.26)

The time-bandwidth product now can be derived by inserting (4.25) and (4.26) into (4.20)
[19]:
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N=

Δϑ

δϑ

=

Δf a Aeff λ
va λ

= Δf a

Aeff
va

= Δf aτ .

(4.27)

The quotient of the effective aperture and acoustic velocity is the aperture time (τ). This is the
time (also called access time or time delay) that the acoustic wave needs to cross the
interaction zone of the acousto-optical medium. The maximal number of resolvable spots (N)
can be calculated by multiplying the aperture time and the bandwidth of the deflector.
The frequency bandpass of an acousto-optical deflector is defined by the frequencies where
the deflected intensity falls 3dB relative to the maximal intensity. For the bandwidth of the
Bragg cell built using an optically anisotropic material for the case of the tangential phase
matching interaction geometry, the following approximation can be used by rearranging the
expression used by [14]
Δf a =

2 ⋅ 3.6nv a2 cos ϑ
,
λL

(4.28)

ϑ – is the internal Bragg angle within the crystal.
The large bandwidth requires acousto-optical materials that allows for high acoustic velocities
and small interaction lengths. Thus, the high diffraction efficiency and large bandwidth are
always a trade-off of the design.
The frequency resolution of the deflector is given by the frequency bandwidth of the device
over the number of resolvable spots. This is the inverse of the aperture time. Thus, the
resolution of the device in frequency improves as the acoustic velocity falls and the overall
optical aperture is increased. The resolution can be measured by feeding two frequency
signals into the Bragg cell and imaging the diffracted light carefully onto a detector array. The
imaging optics should be diffraction limited in order not to decrease the resolution of the
device. The output video signal of the detector is monitored (for instance on an oscilloscope
screen) and the separation of the signals is changed until the resolution criterion is achieved.
For the resolution various definitions exist. The classical definition in optics is given by the
Rayleigh criterion, according to which two signals can be resolved if the dip between the
8
signal peaks is at least 1 − 2 = 0.19 ( ≈ 1dB ) of the maximum intensity [9]. The performed
π
resolution for the lithium niobate Bragg cell at the design wavelength of 785nm has been
determined to be 0.98MHz.
For the Herschel WBS LiNbO3 is chosen as acousto-optical material of the Bragg cell. The
performance parameters achieved with the deflector device are listed in Table 4-1 [10]
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acoustic velocity (v)

3445m/s

aperture time (τ)

1μs

figure of merit (M2)

14 ⋅ 10 −18 s 3 / g

acoustic attenuation 30 (at 2.1GHz)

4.87dB/μs

centre frequency (fc)

2.1GHz

bandwidth ( Δf a )

1GHz

frequency resolution ( δf )

1MHz

number of channels

4

Table 4-1 Performance data of the Herschel Bragg cell

4.4 Intermodulation and dynamic range
Since the acousto-optical interaction is a nonlinear effect, there are harmonic distortions and
spurious frequency components in the detected spectra limiting the dynamic range of the
deflector. Other limiting factors of the dynamic range are the crystal lattice errors and
imperfections in the polished optical surfaces of the Bragg cell producing light scatter.
Moreover, diffracted light from the aperture of the imaging optics could also increase the light
scatter level. The first effect mentioned above is manifested by the two tone test feeding two
signals with frequencies of f1 and f2 in a distance of approximately one octave into the Bragg
cell and measuring the third order intermodulation product at the frequency of 2 f1 − f 2 . The
intermodulation effect may be caused by multiphonon scattering or by acoustic mixing
effects. In the case of low acoustic power densities, the multiphonon scattering process (which
is a multiple scattering of the incident light by the acoustic beam) is dominant. The intensity
of the third order intermodulated signal is given by [38]
I 12 I 2
I (2 f1 − f 2 ) =
,
36

(4.29)

where I1 and I2 are the diffracted light intensities at the signal frequencies f1 and f2,
respectively. The ratio of the intensities of the intermodulation products to one of the input
signal intensities defines the spur-free dynamic range. The dynamic range limited by the twotone third order intermodulation product is determined by [5]

⎛I I ⎞
D f = −10 lg⎜ 1 2 ⎟ .
⎝ 36 ⎠

(4.30)

A typical value of the dynamic range for an input signal level of -20dBm and 10% diffraction
efficiency is 135dB, independent of the illumination position of the Bragg cell.
In case of devices with large bandwidth (1-2GHz) and higher acoustic power densities the
measured dynamic range is smaller than the values predicted theoretically by [38]. This is due
to the dominant acoustic mixing process generating intermodulation products. The effect is
nonlinear, thus the spur free dynamic range in this case is determined by

30

The empirically observed acoustic attenuation scales as 1.31 f

1.77

where f is the frequency in GHz [5].
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2

⎛ P ⎞
D f = −10 lg⎜ a ⎟ + K ,
⎝ LH ⎠

(4.31)

where the constant K is the nonlinear coupling parameter incorporates the acoustic dispersion,
frequency, path length and attenuation [5].
The dynamic range is increasing if the acoustic zone is illuminated near to the transducer.
There the acoustic mixing effect is not dominant and only multi-phonon scattering contributes
substantially to the generation of intermodulation products. Increasing the illumination
distance from the transducer, the deflected light intensity will decrease due to the acoustic
attenuation, yet the acoustic mixing effect shows up, resulting in a reduced dynamic range. At
the optimized illumination of a 1GHz bandwidth Bragg cell (see also Section 7.6) the typical
spur free dynamic range is of the order of 45dB, while in case of a 2GHz device it is only
22dB.
As mentioned above, the optical scattering also contributes to the limitation of the dynamic
range. However, with high optical quality and coatings of the surfaces of the Bragg cell and
carefully aligned optics a scattered light intensity of -90dB has already been achieved. Using
the polarisation rotation property between the diffracted and undiffracted light of an
anisotropic acousto-optic device the dynamic range can be improved by using polarisation
filtering. This removes an additional 10-15dB scattered light from the diffracted signal level.
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5 The Wide Bandwidth Spectrometer design
The WBS is devoted to analysing the intermediate frequency coming from the receiver using
the acousto-optical signal processing technique. The spectrometer consists of two separate
units
–
–

the Electronics unit (WBE) and
the Optics unit (WBO).

The WBE unit includes the IF processing sub-unit, which converts the 4-8GHz bandwidth IF
input signals to the four input frequency bands of the WBO (4 x 1.55-2.65GHz), and the
electronics sub-unit, which controls the WBS system and data acquisition, and conducts the
communication with the on-board computer. The WBO optical unit analyses the split IF
signals by means of a four channel array acousto-optical Bragg deflector. The block diagram
of the WBS design is shown in Figure 5-1, [80].

WBO - H

control
&
power
10 MHz from LSU
28 V S/C

4 x IF

command

WBE - H

ICU - P

FPU 4-8 GHz
WBE - V

data

ICU - R

4 x IF

WBO - V

control
&
power

28 V S/C
10 MHz from LSU

Figure 5-1 Principle scheme of the WBS unit. The 4-8GHz bandwidth IF signals, correspond
to the horizontal and vertical polarization, are fed into the WBS IF processing unit
then analysed by the WBS optical unit.
The receiver system makes it possible to process the signals of the observed radio
astronomical sources in two polarization directions. Thus, the IF signal coming from the
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Focal Plane Unit (FPU) is processed by two completely independent spectrometers, one for
the horizontal, the other for the vertical polarization.

5.1 WBE IF part design description
The working principle of the IF part of the WBE unit for one polarization is depicted in
Figure 5-2, [80]. The IF signal coming from the FPU is pre-amplified then fed into a fourchannel power splitter. Each channel is filtered by bandfilters having 1.1GHz bandwidth so
that the channels cover the total IF frequency range of 4-8GHz. Then, the single channels are
converted down to the 1.55-2.65GHz input bands of the optics unit. After further
amplification the output signals of the mixers are equalized in order to correct the gain
variations of WBO. At the output of the equalizers, variable attenuators make it possible to
correct the different power levels of the WBO sub-bands. Finally, the signals are amplified to
the input power level of the WBO unit by means of power amplifiers.

6.6 GHz
var. Atten.
8 dB range
10 MHz
2 dBm

Equal.

Mult. x10

4 x 1.55 - 2.65 GHz

7.6
Comb Generator

var. Atten.
16 dB range
Equal.

4-8 GHz
-95 dBm/MHz

Equal.

LNA

8.6
Equal.

Zero Switch

Power
Amp.

Bandfilter
9.6

4 + 4x3 Bit
1 Bit
1 Bit

Figure 5-2 Operation scheme of the WBE IF section.
To be able to frequency calibrate the instrument, the signal of a comb generator with 100MHz
line spacing can be applied. In addition, for calibration purposes, the system zero level can be
determined by means of a zero switch. With a variable attenuator (4bit, 1dB step) in front of
the power splitter the overall power level at the WBO input can be adjusted.

5.2 WBE Electronics sub-unit design description
The electronics sub-unit controls the WBS optical and IF unit. Furthermore, it accommodates
the digital signal processing and power supply circuits. The read-out of the CCD (WBO unit)
is controlled by a small digital electronics board using an FPGA. It generates the pixel clocks
and the 10ms transfer impulses needed for the appropriate clocking of the CCD. The four
analogue output signals of the CCD are digitized by means of 14bit analogue-digital
converters, which efficiently reduce differential nonlinearity effects of ADCs [79]. Then the
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output data are co-added to 32bit by using ASICs 31 . After a CCD read-out, the signals of
each CCD line can be stored in two separate memory banks (RAM), which allow for
continuous integration also during the data transfer to the HIFI ICU 32 . The output data of
WBE and the housekeeping data of the instrument are transmitted to ICU through a 24bit
serial interface. A second serial interface is used as the command line for the WBS.

5.3 WBO design principle
The principle design of the array acousto-optical spectrometer is shown in Figure 5-3 [75].
Laser &
Col. Optics

Cylindrical
Lens

Prism
Beamsplitter

Bragg-Cell

Imaging
Optics
Cyl. Lens

Slit
Aperture

4-line
CCD

Redundant
Laser

Figure 5-3 Optical setup of the Herschel WBO unit. A second laser is implemented for
redundancy reasons. The light of the two lasers is coupled together by using a
prism beam splitter
The emitted light of a laser diode is collimated and vertically focused onto the acousto-optical
deflector. In case of the WBO, the deflector is a four-channel array Bragg cell (4x1GHz) that
covers the 4GHz bandwidth of the IF signal. The four beams needed for the illumination of
the array Bragg cell are produced by means of a prism beam splitter. The unique design of the
beam splitter makes it possible to couple a redundant laser without applying an additional
beam splitter, which would significantly reduce (by at least 50%) the laser light intensity and
therefore the total optical efficiency of the instrument. The only way to compensate the
efficiency loss is to increase the laser power, but it is undesired due to laser lifetime concerns.
The optical system behind the Bragg cell images the deflected laser light onto a four line
linear CCD array. The individual pixels of the detector correspond to frequency channels, and
the detected intensity scales with the input signal intensity. The slit aperture between the
cylindrical lens and the CCD significantly reduces the scattered light level and therefore
improves the stability of the instrument.
The overall design of the wideband spectrometer must comply with the demands of a spacequalified instrument. In Chapter 7, the individual components of the instrument are
investigated in more detail.

31
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Application-Specific Integrated Circuit
Instrument Control Unit
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6 Optical design of the Wide Bandwidth Spectrometer
6.1 Design concept
The four channel acousto-optical spectrometer operates with only one laser light source,
consequently the available laser power per channel is reduced compared to a single channel
AOS. Furthermore, for space applications the reliability and lifetime of the laser is an
important concern thus, its operating power level is reduced by approximately 30% of the
maximum power. Nevertheless, these efficiency losses are compensated for by optimizing the
design of the optical imaging system for maximum efficiency. This is done by focusing the
laser light onto the acoustic zone of the Bragg cell as well as the deflected light onto the
detector area. The imaging system of the WBO from the top (horizontal direction in the
WBO) and from the side view (horizontal direction) is shown in Figure 6-1.

Figure 6-1 Optical system design of the WBO. In the horizontal direction (above), the
collimated laser light illuminates the Bragg cell, and then the deflected beam is
focused onto the detector using a scan lens. In the vertical direction (below), the
laser light is focused onto the Bragg cell (only one channel is displayed) by
applying a cylindrical lens and a beam splitter. The scan optics images the
deflected light onto the CCD. An additional cylindrical lens is needed to match the
light beams to the lines of the detector array.
The good optical efficiency is important to keep the power level of the IF signal as low as
possible, which simultaneously reduces heating effects in the Bragg deflector (c.f. Section
10.13), and therefore improves the stability of the instrument. Besides the high optical
efficiency, the spectrometer must be optimized for the maximum resolution as well. This
requires diffraction limited imaging optics. The price to pay for the high optical efficiency and
resolution is a high mechanical, thermal and alignment sensitivity of the instrument. For this
reason, the mechanical stability of the housing and the supporting structures of the
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components are of crucial importance. At the same time, not only high stiffness, but also low
weight and small size of the housing are essential. The low power consumption is also an
important concern for instruments used for space applications, therefore the only considerable
light source is a laser diode. In order to attain the good spectroscopic stability of the
spectrometer, thermal stability i.e. thermal isolation must be guaranteed, and the selection of
low noise CCD detectors is essential to provide the good dynamic range, linearity and
efficiency needed for the backend system.

6.2 Optical description of the Bragg cell illuminating optics
The proper illumination of the active zone of the acousto-optical Bragg cell is provided by the
optics of the source module. The dimension of the ultrasonic wave is about 3.5mmx0.08mm,
on which the laser light has to be imaged.
In the array acousto-optical spectrometers, which have already been built by KOSMA, the
acoustic zone of the Bragg cell is always over-illuminated [43]. This means the waist size of
the laser beam at the Bragg cell is relatively large (~150μm) compared to the “vertical”
dimension of the acoustic zone, which gives an appropriate margin on the beam height
positioning, and the accuracy of the mechanical support of the light pen is less critical.
In case of the Herschel WBS the design is optimized for maximum optical efficiency,
therefore the Bragg cell is placed into the focus of the illuminating optics, as shown in Figure
6-3. The advantage of this arrangement is that the imaging optics system behind the Bragg
cell is independent of any beam angle errors of the source module caused by mechanical
deformations. The disadvantage of the system is that the illumination of the Bragg cell is
rather sensitive to beam height changes due to mechanical and thermal effects.

Figure 6-2 Components of the source module
The simple imaging optics used for the Bragg cell illumination consists of the laser
collimation optics, the cylindrical lens and the beam splitter, as is shown in Figure 6-2. From
the imaging point of view, the beam splitter changes only the focus position of the cylindrical
lens; therefore it is not involved in the optical description. As a first approximation, the
collimation optics and the cylindrical lens are described as thin lenses, but the results are
compared with the thick lens simulation of the lens system as well.
The emitted light of the laser diode has some astigmatism, therefore the calculation has to be
done differently for the two dimensions, vertical and horizontal. In the “vertical” direction
(divergence perpendicular to the laser diode junction), the simplified optical layout of the
laser source unit is depicted in Figure 6-3.
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Cylindrical lens

Collimating optics

fc

Laser diode

Bragg-cell

fz

fc

d

fz

Figure 6-3 Illumination of the Bragg cell. The deflector is placed into the focus of the
cylindrical lens for maximum diffracted light intensity. At the same time the
angular sensitivity of the imaging optics behind the Bragg cell is eliminated.
The evaluation of the optical system is done by using the quasi-optical Gaussian beam
propagation theory with its ABCD ray matrix formalism. This gives us a satisfying description
of the imaging without involving any diffraction effects on any aperture 33 . The transformation
matrix of the optical system can be written by using the following matrix multiplication [30]
⎛1
T = ⎜⎜
⎝0

f z ⎞⎛⎜ 1
1
⎟
1 ⎟⎠⎜ − f
⎝ z

0 ⎞⎛ 1 d ⎞⎛ 1
⎜ 1
⎟
1 ⎟⎜⎜ 0 1 ⎟⎟⎜ −
⎠⎝ f c
⎠⎝

0 ⎞⎛ 1
⎟
1 ⎟⎜⎜ 0
⎠⎝

− fz
⎛
⎜
fc ⎞ ⎜
fc
⎟⎟ =
+
f
⎜
1 ⎠ − c fz − d
⎜
f z fc
⎝

⎞
0 ⎟
⎟,
fc ⎟
− ⎟
fz ⎠

(6.1)

where fc and fz are the focal lengths of the collimation optics and the cylindrical lens
respectively, and d is the distance between the two lenses. From the transformation matrix the
resultant focus fr of the lens system can be identified

fr =

f z fc
.
fc + f z − d

(6.2)

The beam propagation is described by the Gaussian beam parameter [71]

q~( z ) = z − iz R ,

(6.3)

where zR is the Rayleigh range [71]
zR =

k 2 πw02
w0 =
,
2
λ

(6.4)

and w0 is the waist of the Gaussian beam. At the plane of the Rayleigh range the intensity
becomes the half of the peak intensity and the radius of curvature of the wavefront is the
smallest ( R = 2 z R ). The Rayleigh range, as the cardinal point of the Gaussian beam, is often
called the confocal parameter or depth of focus.
33

A procedure of calculating Fresnel- and Fraunhofer diffractions of Gaussian beams is discussed in [39].
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The beam parameter transformed by an optical element obeys the ABCD-law
Aq~ ( z ) + B
q~ ' ( z ) = ~
.
Cq ( z ) + D

(6.5)

Substituting the components of the transformation matrix T into the expression of (6.5) and
considering only the waist transformation (z=0), we obtain

fz
iz R
fc
q' ( z = 0 ) =
.
d − fc − f z
fc
iz R −
f z fc
fz
−

(6.6)

The imaginer part of the transformed beam parameter expresses the transformed Rayleigh
range
z R' =

zR
2

⎛ fc ⎞ ⎛ zR ⎞
⎜⎜ ⎟⎟ + ⎜⎜ ⎟⎟
⎝ f z ⎠ ⎝ fr ⎠

2

.

(6.7)

Since z R << f r , the image beam waist results in

w0' ≈ w0

fz
.
fc

(6.8)

The ratio of the focal lengths of the cylindrical lens and the collimation optics describes the
imaging of the laser beam waist in the vertical direction.
The waist dimension of the laser diode can be determined from the beam divergence angle. In
the WBO Hitachi HL-7851G laser diodes are implemented. Their typical divergence angels of
the FWHM intensity, in the direction of parallel- and perpendicular to the junction are
2ϑ y = 9.5 and 2ϑ x = 23 degrees [42], respectively. In the far field, if z >> z R , the 1/e radius
of the electric field of the laser can be defined in terms of the asymptotic beam growth angle,
from which the waist can be calculated

λ
⎛ w( z ) ⎞
tgϑ = lim ⎜
.
⎟=
z >> z R
⎝ z ⎠ πw0

(6.9)

The divergence angles then correspond to the following waist sizes

wx 0, y 0 =

2 ln 2 λ
,
2 πtgϑ x , y

(6.10)

where we used a scaling factor between the half width at half maximum (HWHM) intensity
and the waist (see Appendix C). The resulting waists in the “horizontal” and “vertical”
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directions are 0.723µm and 1.77µm respectively; and the corresponding confocal parameters
are 2.092µm and 12.54µm. Substituting the lens data (fc=8mm, see Section 7.1.1 and
fz=148mm, see Section 7.1.2) into (6.8), the vertical waist size on the Bragg cell is calculated
to be 32.7μm.
In the horizontal direction, similar investigations are made in order to have a complete
knowledge of the laser beam needed for further calculations. There the cylindrical lens acts
only as a plan-parallel glass plate. Thus, the horizontal waist size is determined by the
imaging of the collimation optics, as shown in Figure 6-4.
Collimating optics

Cylindrical lens

Bragg-cell

fc

Laser diode

fc

t

Figure 6-4 Top view of the Bragg cell illuminating optics (imaging in the horizontal
direction).

The waist transformation of a simple lens is given by [30]

w0' =

λ fc
.
π w0

(6.11)

Substituting the focal length of the collimation optics (8mm) and the “horizontal” waist size of
the laser diode (0.723µm) into (6.11), the transformed waist size results in 2.765mm. The
design of the Galileo collimating optics has a slightly different focal length (f=8.0624mm),
therefore the horizontal waist dimension is 2.786mm.
The calculation of the Gaussian beam propagation is also done by using the thick lens
approximation. The detailed information of the lens radii, distances and materials are
summarized in Appendix D. During the evaluation the beam radii are determined at the
surfaces of all the optical components to have a precise description of the beam propagation
as needed for the opto-mechanical design of the laser source unit (cf. Chapter 7), and for the
resolution and efficiency optimization of the WBO unit (see Section 6.3). The results of the
laser beam propagation description are summarized in Table 6-1.
Position

Horizontal
waist size

Vertical
waist size

Horizontal
Rayleigh range

Vertical
Rayleigh range

Laser diode
Bragg cell

0.723µm
2.786mm

1.77µm
32.7µm

2.092µm
31.06m

12.54µm
4.28mm

Table 6-1 Summary table of laser beam dimensions
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6.3 Imaging of the deflected light
The optical setup of the acousto-optical spectrometer must guarantee perfect imaging to
provide the excellent performance required for the Herschel satellite project. The high spectral
resolution can only be achieved with a highly collimated laser beam and perfect optical
surface qualities of all optical components including polarization filters and the acousto-optic
crystal; moreover, the imaging optics must be designed for operation near the diffraction
limit. Because of the diffraction on the small vertical aperture of the Bragg cell, the use of a
simple spherical imaging optics would result in two different focus positions in the “vertical”
and “horizontal” direction. Therefore, in one direction an additional focusing element, a
cylindrical lens, is needed.
In the horizontal i.e. scanning direction, the laser light must be collimated to improve the
bandwidth of the Bragg-cell [19]. The scan lens (f- ϑ lens) is responsible for the linear
imaging in angle and for the horizontal spot size, thus for the optical resolution of the system
as well. In the horizontal plane (scanning direction), the cylindrical lens acts as a plan parallel
glass plate and only elongates the focal length of the scan optics, as illustrated in Figure 6-5.
Bragg-cell
(object plane)

Scan optics

H1

Cylindrical lens
fz

CCD
pixels

H2
x

s
a

b
f1

fs

Figure 6-5 Top view of the imaging optical system. The corresponding distances used for the
calculation are s – the object distance, b – the object space focal length, f1 – the
effective object space focal length, fs – the effective image space focal length, and
a –the image space focal distance.

In the vertical direction, the diffracted laser beam is divergent due to the small vertical
aperture size of the Bragg-cell. Simple imaging only with the scan optics would result in a
virtual focus, since the object is placed at the object plane focus. In other words, the vertical
spot size in the horizontal focus position would be so large that the spots of the individual
channels are overlapped, producing a crosstalk between the bands. Applying a cylindrical lens
two problems can be solved; with the correct focal length the vertical and horizontal foci are
in the same plane on one hand, and with the correct distance to the scan optics, the vertical
spacing of the four beams can be adjusted to the rows of the CCD on the other. Figure 6-6
illustrates the side view (vertical imaging) of the optical system. In order to reach the
maximum efficiency, the vertical focus has to be in the same plane as the horizontal focus.
This leads to small vertical spot sizes requiring high mechanical stability (c.f. Section 8.1),
therefore the WBO must have a rigid optical bench.
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Bragg-cell
(object plane)

Scan optics

H1

Cylindrical lens
fz

Slit
aperture

4 CCD
bands

H2
y

s

x

b

a
f1

fs

Figure 6-6 Side view of the optical system (vertical imaging). The necessary parameters used
for the optimization are fz – the focal length of the cylindrical lens, x – the distance
of the cylinder lens to the CCD, and y – the position of cross point of the beams.

The scan lens is a three-lens system having different foci in the object and image space and
different principal plains, therefore it can not be described as a simple thin lens. Its cardinal
points are seen in Figure 6-7.

H1

h1

b

H2

h2

a

f1

fs

Figure 6-7 Cardinal points of an arbitrary optical system

In general, for an arbitray optical system the characterizing parameters can be expressed with
the ABCD matrix elements [83]. The element “C” always shows the effective focal length in
the image space
1
fs = − .
(6.12)
C
The position of the principal plane relative to the lens surface is given by [58]
h2 =

A −1
,
C

(6.13)

from which the image space focal distance “a” can be calculated as
a = f s − h2 = −

1 A −1
A
−
=− .
C
C
C

(6.14)
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The first matrix element A can be expressed by dividing the equation (6.14) with (6.12)

A
a
A= C =
.
1
fs
−
C
−

(6.15)

Similarly the matrix element D can be expressed by using the object space focal distance
D
b
D= C =
.
1
fs
−
C
−

(6.16)

Applying that the determinant of the imaging matrix is unity ( det M = 1 ) the matrix element B
can be expressed from

AD − CB = 1

(6.17)

1
a b
+
B =1
fs fs
fs

(6.18)

1
( f s2 − ab ) ,
fs

(6.19)

B=

Thus, the transformation matrix of the scan optics M takes the form of
⎛ a
⎜
⎛ A B ⎞ ⎜ fs
⎟⎟ =
M = ⎜⎜
⎝C D⎠ ⎜ − 1
⎜ f
s
⎝

1
⎞
(
f s2 − ab )⎟
fs
⎟.
b
⎟
⎟
fs
⎠

(6.20)

6.3.1 Optimisation of the cylindrical lens
As stated before, the laser light deflected by the Bragg-cell has to be imaged onto the CCD in
the vertical and horizontal directions, therefore the focal length and the position of the
cylindrical lens is fully determined. Using the geometrical beam optics description for an
arbitrary optical system the transformed ray position and the slope can be written as
⎛ x' ⎞ ⎛ α
⎜⎜ ⎟⎟ = ⎜⎜
⎝ m' ⎠ ⎝ γ

β ⎞⎛ x ⎞
⎟⎜ ⎟ .
δ ⎟⎠⎜⎝ m ⎟⎠

(6.21)

Substituting the Bragg–cell channel spacing (dBragg) and the CCD line distances (dCCD), the
matrix equation of (6.21) can be expressed with
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⎛ − d CCD ⎞ ⎛ α
⎜⎜
⎟⎟ = ⎜⎜
⎝ m' ⎠ ⎝ γ

β ⎞⎛ d Bragg ⎞
⎟⎜
⎟.
δ ⎟⎠⎜⎝ m ⎟⎠

(6.22)

From the boundary conditions that rays leaving the Bragg-cell parallel to the optical axis
(m=0) must hit the CCD line at the focus, and rays origin from the object plane having
arbitrary slope must be also imaged onto the CCD, we can determine the first matrix element
of the transformation matrix by separating eq. (6.22).

α =−

d Bragg
d CCD
1
,
= − with u =
d CCD
d Bragg
u

(6.23)

where u is the lateral magnification of the system. In case of the Bragg-cell and CCD used for
the HIFI WBO the channel and line spacing, respectively is the same, 1.6mm, thus the object
is imaged from “focus to focus” with the magnification of one.
The imaging of the system in the vertical direction (c.f. Figure 6-6) can be described with the
matrix multiplication of
⎛ a
0⎞ 1 a − x ⎜
⎞⎜ f s
⎟⎛
⎟
1 ⎟⎜⎜ 0
1 ⎟⎠⎜ − 1
⎝
⎠
⎜ f
s
⎝

⎛ 1 s ⎞⎛ 1 x ⎞⎛⎜ 11
⎟⎟⎜⎜
⎟⎟ −
T = ⎜⎜
⎝ 0 1 ⎠⎝ 0 1 ⎠⎜⎝ f z

1
⎞
(
f s2 − ab )⎟
fs
⎟.
b
⎟
⎟
fs
⎠

(6.24)

After multiplying and simplifying the expression of (6.24) it yields
2
⎛
⎜ − x
fs fz
⎜
T=⎜
⎜− x − 1
⎜ f f
fs
s z
⎝

⎞
x ⎛
xb ⎞
x2
⎜⎜ f s − ⎟⎟ −
s ⎟
fz ⎝
fs ⎠ fs fz ⎟
.
sx s
b ⎛
x ⎞ f s ⎟⎟
−
+ ⎜ 1 + ⎟⎟ − ⎟
f s f z f s f s ⎜⎝
fz ⎠ fz ⎠
fs −

(6.25)

The distance between the cylindrical lens and the CCD can be directly seen from the first
matrix element and the definition of (6.23), respectively

x=

fs fz
.
u

(6.26)

Furthermore, for arbitrary rays leaving the object space focus the imaging is independent on
the ray angles. That means that the image height x' is independent on the slope m
x ' = αx + β m .

(6.27)

This is only true for β = 0 , from which the necessary focal length of the cylindrical lens can
be determined by the following expression

fs =

x
fz

⎛
xb sx ⎞
⎜⎜ f s −
+ ⎟.
f s f s ⎟⎠
⎝

(6.28)
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From eq. (6.26) and eq. (6.28) we can evaluate all the necessary parameters to describe the
system. The distance between the cylindrical lens and the CCD and the effective focal length
of the cylindrical lens are given by

x=

fz =

fs
,
b−s
u+
fs

(6.29)

f su
⎛
b−s⎞
⎜⎜ u +
⎟
f s ⎟⎠
⎝

2

.

(6.30)

Placing the Bragg-cell exactly in the object space focus (s=b), the results of (6.29) and (6.30)
can be simplified as

x=

fs
f
and f z = s .
u
u

(6.31)

The focal length and the position of the cylindrical lens depend only on the image space focal
distance of the scan lens and the required magnification of the optical system.

6.3.2 Position of the slit aperture
The position, where the four beams cross each other (see Figure 6-6) offers the opportunity to
apply spatial filtering. This is realized by using a slit aperture, which reduces laser light
scatter and laser spackles. To calculate the position of the slit aperture we use the following
expression
⎛α ' β '⎞ ⎛ 1
⎟⎟ = ⎜⎜
T' = ⎜⎜
⎝ γ ' δ '⎠ ⎝0

y − x ⎞⎛ α
⎟⎜
1 ⎟⎠⎜⎝ γ

β⎞
⎟,
δ ⎟⎠

(6.32)

where y-x represents the distance between the CCD and the cross point. Considering a ray that
has a zero slope (m=0) in the object space and intersects the optical axis (x’=0)

x

m=0

m'
x'=0

and using the ray transformation equation
x' = α ' x + β ' m = 0

it can be directly seen that the first matrix element α’ must be equal to zero
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α'=

⎛ x
− x2
1
+ ( x − y )⎜⎜
+
fs fz
⎝ fs fz fs

⎞
⎟⎟ = 0 ,
⎠

(6.34)

which can be simplified for y as
y=

x
x
1+
fz

.

(6.35)

Substituting the results of eq. (6.29) and (6.30) into eq. (6.35), the position of the slit aperture
can be expressed with the known parameters ( f s , u, b, s) of the optical system
y=

f su
.
⎛
b − s ⎞⎛
b−s⎞
⎜⎜ u +
⎟⎜ 2u +
⎟
f s ⎟⎠⎜⎝
f s ⎟⎠
⎝

(6.36)

If the Bragg-cell is exactly placed into the object space focus of the scan lens (s=b), the slit
position is determined by

y=

fs
.
2u

(6.37)

In the WBO the line spacing of the CCD detector is exactly the same as the channel spacing
of the Bragg-cell (u=1), and the scan lens has of a focal length of 100mm, which yields the
following values for the cylindrical lens and the slit aperture position
focal length f z = f s = 100mm
position from the CCD x = f s = 100mm
f
position of the slit aperture y = s = 50mm .
2
During the optimization of the imaging optics performed by Galileo Avionica, the scan lens
and the cylindrical lens have been included in the aberration analysis.

6.4 Image size on the CCD
After having the detailed description of the optical system we can derive the waist size on the
CCD in the horizontal and vertical direction neglecting any diffraction effects. For the
horizontal direction, where the cylindrical lens acts as a plan parallel glass plate, the optical
system can be modelled as a single lens having 100mm focal length. Using the results of the
waist size achieved from the Bragg-cell illumination calculation (c.f. Section 6.2), the
transformed horizontal waist size on the CCD is given by

w0' = w0

fs λ fs
=
≈ 9 μm .
z R π w0

(6.38)
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In the vertical direction, the waist size at the CCD can be calculated by substituting
f z = f s = x = 100mm into the transformation matrix of (6.25). Since it is a unity matrix, the
lens system has a lateral magnification of m=1. This results in a transformed vertical waist
size of
w0' = w0 .

(6.39)

The vertical waist size at the Bragg-cell is w0=32.7μm (c.f. eq. 6.8), which is equal to the
vertical waist size at the CCD as well. Considering the 26μm vertical pixel dimension of the
detector and the vertical beam diameter ( 2w0' ) of 66μm at the focus i.e. at the CCD, the
mechanical vertical positioning must be better than ±10μm over the operational thermal range
of 10 degree. Otherwise, the optical efficiency of the instrument will be significantly
decreased (c.f. Section 8.2).
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Spectrometer

7.1 The Laser Source Unit
The experience gathered during the alignment of existing spectrometers shows how
complicated and time consuming the adjustment procedure of an array spectrometer can be.
The number of the alignment parameters is large, therefore it is fairly hard to attain the
optimal performance of the instrument. In the WBO the most complex and critical part is the
laser source unit, shown in Figure 7-1. Therefore it was decided to integrate its components
onto one common interface plate, making a module that could be separately adjusted and
tested before the final assembly of the spectrometer. This philosophy, as experienced from the
SWAS AOS, significantly reduces the number of the adjustment parameters. This idea not
only gives the possibility to control the performance of the module separately, but further
tests could be also done without any effects from the other components of the instrument.
These experiments like thermal environmental or deformation tests are useful to reduce risks
of possible failures during the qualification program performed with the whole WBS. After
getting the sub-unit to work properly, the final assembly and alignment of the WBO remains
just a “simple” positioning and height fitting task for the pre-adjusted modules.
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Figure 7-1 Laser source module of WBO
The illumination of the acoustic deflector is realized by means of the laser source module.
The unit contains the two laser diodes, the collimation optics, the cylindrical lenses and the
beam splitter. In addition, there is a folding mirror applied in order to reduce the mechanical
dimension of the module.

7.1.1 Collimating optics
In order to exploit the maximum resolution of the Bragg cell, the laser light must be
collimated. Moreover, the horizontal dimension of the collimated beam should be matched to
the size of the useful aperture of the Bragg cell. This criterion defines the necessary focal
length of the collimator. However, investigations have been shown that the resolution of the
Bragg cell can be increased by using a decentred illumination. The acoustic intensity in the
deflector decays exponentially, which can be partly compensated for by increasing the light
intensity where the ultrasonic wave is weak. Thus, the laser beam has to be shifted away from
the transducer, which results in an effective illumination. In relation with the effective
illumination and resolution of the spectrometer it has been shown by [56] that the optimal
resolution can be attained with a larger beam diameter than the aperture of the deflector itself.
The optimum beam width of the laser is related to the horizontal dimension of the Bragg
aperture [48]
A=

wxFWHM
,
0.673

A – useful aperture of the deflector (3.5mm given by [4])
wxFWHM – optimized horizontal beam diameter of the laser beam (FWHM).
From these parameters the required waist size can be calculated as
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w0' =

0.673
2 ln 2

A = 2.773mm ,

(7.2)

where a scaling factor between the FWHM intensity and beam waist (see Appendix C) is
used. The necessary focal length of the collimator is then given by using (6.10) and (6.11)
f =

π
w w ' = 8.025mm .
λ 0 0

(7.3)

In the WBO, the effective illumination is accomplished by using an 8mm focal length of the
collimation optics.

7.1.2 Cylindrical lens
In order to achieve high diffracted light intensity from the Bragg cell, the intensity of the
incident laser light should be as high a possible. The optical power of the laser cannot be
arbitrarily increased, therefore an optimization of the optics is needed. In the “horizontal”
direction, the collimation optics are responsible for the optimal width of the laser beam to
achieve the maximum resolution. The short (8mm) focal length of the collimator guarantees
that the beam width has the same dimension as the interaction length of the acoustic zone. In
the “vertical” direction, the laser beam can be focused, but the following condition must be
satisfied as well: the divergence of the focused laser beam should not be larger than the
diffraction angle of the laser beam diffracted at the Bragg aperture, as is shown in Figure 7-2.
Otherwise, additional aberration errors could be introduced by the three-dimensional phase
matching condition of the Bragg deflection.

Cylindrical lens
y

Bragg aperture

f

z

d

w'0

w0

z

d

t

f

z

Figure 7-2 Minimal focal length of the cylindrical lens. The dimensions of the collimated and
transformed beam waists determine the focal length of the lens.
In the first order approximation, the active zone of the Bragg cell is considered as a
rectangular aperture having the height d, on which the laser beam is diffracted. The diffraction
angle of the first diffraction order is given by [9]
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ϑ d = arcsin

λ
d

.

(7.4)

From the far field divergence angle of a Gaussian beam, the divergence condition of the laser
beam can be calculated as

λ

≥

d

λ
,
πw0'

(7.5)

where w' expresses the waist transformed by the cylindrical lens. This leads to
w0' ≥

d

.

π

(7.6)

With the knowledge of the collimated and transformed beam waists, we can determine the
necessary focal length of the cylindrical length by using the Gaussian beam propagation
description. The transformation matrix of the cylindrical lens is determined by

⎛1
T = ⎜⎜
⎝0

0 ⎞⎛ 1 t ⎞ ⎛ 0
⎜ 1
⎟
1 ⎟⎜⎜ 0 1⎟⎟ = ⎜⎜ −
⎠
⎠⎝
⎝ fz

f z ⎞⎛⎜ 1
1
⎟
1 ⎟⎠⎜ − f
z
⎝

fz ⎞
t ⎟.
1 − ⎟⎟
fz ⎠

(7.7)

Using (6.3) and (6.4), the transformed waist can be written as
w =w
'2
0

2
0

f z2

( f z − t )2 + z R2

.

(7.8)

2
Since the Rayleigh range of a collimated beam is very large ( z R = 5.173m ), the term ( f z − t )
can be neglected, and the expression of (7.8) yields

fz =

w0'
w' w π
zR = 0 0 .
λ
w0

(7.9)

Substituting (7.6) into (7.9), we get the following inequality for the necessary focal length of
the cylindrical lens

fz ≥
w0=1.137mm
d=80μm
λ=785nm

w0 d

λ

,

(7.10)

−1/e2 intensity contour of the collimated beam, which is also
equal to the 1/e amplitude contour
−aperture height of the active zone considered as the height of
the transducer
−nominal laser wavelength.

The substitution into (7.10) results in a minimal focal length of fz≥116mm. In the WBO, the
actual focal length of the cylindrical lens is 148mm to satisfy the requirements of the optomechanical design.
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7.1.3 Mounting precision of the laser diode, collimation requirement
The collimation requirement of the laser light in the horizontal direction is specified by the
condition that the divergence of the collimated beam should be smaller than the divergence
caused by the diffraction at the effective aperture of the Bragg cell. This is necessary to avoid
producing additional wavefront distortion in the deflected laser beam. Figure 7-3 shows the
geometry of a divergent laser beam illuminating the Bragg cell aperture, where the beam
divergence is equal to the diffraction angle of the diffracted beam at the Bragg aperture.
λ/d

effective Bragg aperture

ϑ
d

R

h
divergent laser beam

Figure 7-3 Collimation tolerance of the laser beam.
This criterion can be expressed by

λ
d

>ϑ,

(7.11)

d – horizontal aperture size of the Bragg-cell (5mm)
ϑ – beam divergence tolerance of the collimated laser light
Neglecting any lens aberration of the collimation optics, the wavefront of a divergent beam
can be described as a spherical wavefront. The optical path difference between the plane wave
and spherical wave (h) then can be expressed in terms of fractions of the wavelength. From
the geometry in Figure 7-3 it can be written
d
tg (λ / d ) = 2 ,
R−h

(7.12)

2

⎛d⎞
2
R = ⎜ ⎟ + (R − h ) .
⎝2⎠
2

(7.13)

The required collimation tolerance can be derived by solving the system of equation of (7.12)
and (7.13) for h
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Using the Taylor series of the 1 + x 2 around x ≈ 0 (
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the expression of (7.14) takes the simple form of h ≤

λ
4

(7.15)

.

In the most cases of acousto-optical spectrometers the λ/4 collimation quality is a sufficient
requirement for the laser collimation. But, the HIFI WBO requires higher collimation
accuracy if the redundant laser is involved. The images of the WBO optical system must be
located exactly on the same plane, where the CCD is mounted. Otherwise, the resolution is
degraded, at least for one laser. The requirement on the resolution difference attained by the
main and redundant laser is specified to be <10%. An equivalent definition with this
requirement is that the two collimations have to agree within λ/10, as specified in [82]. To
guarantee this, the mounting of the laser diodes must be very stable and the mechanical design
must enable very high precision (see Section 7.3). The demand on the collimation means a
certain positioning accuracy of the diode, which defines the tolerance of the distance between
the collimator and laser diode. Figure 7-4 shows the collimation optics modelled as a thin
lens, while the laser diode is to be placed in the focus of the lens with the tolerance of s. The
positioning tolerance of the diode can be investigated by using the Gaussian beam
transformation description.

Divergent beam
(wavefront distortion of λ/ n)
f
Laser diode

s

x, m
α

x', m'

ϑ

Collimated beam

f

Figure 7-4 Mounting tolerance of the laser diode to achieve a wavefront distortion of l/n,
where n ∈ N , n > 4 . The symbols of x, x’, m, m’ represent the beam heights and
slopes, and f is the focal length of the collimation optics.
Similarly to (7.12) the divergence of the laser beam behind the collimator can be defined with
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d
2

tg (ϑ ) =

R−

λ

,

(7.16)

n

where the wavefront radius R corresponds to λ/n (n=10) wavefront distortion (relative to plane
waves), as defined in (7.13). The linear relationship between the input and output beam
positions and slopes are given by using the ray transformation matrix of the simple optical
system

f +s ⎞
⎛ x⎞
f + s ⎟⎜⎜ ⎟⎟ .
⎟
−
+ 1⎟⎝ m ⎠
f
⎠

⎛ 1
⎛ x' ⎞ ⎜
⎜⎜ ⎟⎟ = ⎜ 1
⎝ m' ⎠ ⎜ − f
⎝

(7.17)

Considering a ray, which comes from the laser diode (x=0) and propagates with a slope of m
towards the lens, then hits the edge of the effective aperture of the Bragg cell, one has

x' = ( f + s )m

(7.18)

⎛ f +s
⎞
m' = ⎜⎜ −
+ 1⎟⎟ m .
f
⎝
⎠

(7.19)

Solving the system of equation of (7.18) and (7.19) for the alignment tolerance of the laser, s
yields
s=−

The term of

f
.
x' 1
1+
f tgϑ

(7.20)

x'
can be calculated from the Numerical Aperture of the collimation optics
f
tgα =

x'
,
f

(7.21)

where

N . A. = n sin α = 0.5 .

(7.22)

Thus, the equation of (7.20) takes the form of
s=−

f
.
tgα
1+
tgϑ

(7.23)

The substitution of λ/10 wavefront distortion and 8mm focal length of the collimation optics
yields -0.87μm for the mounting tolerance of the laser diode. The negative sign expresses to
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which direction the laser is shifted from the position where the laser beam is perfectly
collimated. In case of a shorter distance the beam is divergent, otherwise, if the s>0, it is
convergent.
It can be concluded that, in order to achieve the specified collimation accuracy, the distance
between the laser diode and collimation optics must be aligned within a precision of <±1μm
for both lasers. Such an extremely high precision within the operating temperature range can
only be attained with a thermally compensated design of the laser housing (c.f. Section 7.3).

7.1.4 Measurement of the collimation quality and wavefront distortion
With the AOSs built for ground applications (KOSMA Gornegrat AOSs, CSO, etc.),
commercial collimating optics (made by Melles Griot [62]) are used. Their optical quality
plays an important role in the spectral resolution of the instrument, because aberrations of the
collimator contribute to the overall imaging errors of the whole optical system, resulting in a
spot enlargement in the focal plane. Figure 7-5 shows a sample of collimations achieved with
the Melles Griot collimators.

Figure 7-5 Collimation samples of laser beams achieved by the Melles Griot optics
The collimation quality is measured by means of a beam share interferometer, which is able to
reveal lens aberrations too. The measurement accuracy of the interferometer is approximately
35 arc seconds of beam divergence angle or at least λ/4 wavefront distortion [59].
Figure 7-5 verifies the good collimation quality of both samples (there are only two fringes
observed), the beam divergence is of the order of the interferometer’s resolution. However,
the wavefront aberration is of the order of λ/2 to λ/4, which is rather large (in the pictures the
ripple of the fringes have the same magnitude as the distance between two fringes, which is
equal to the half of the laser wavelength). The fringes in the left hand picture correspond to a
large spherical aberration combined with small astigmatism, in the right hand picture it is a
combination of coma and spherical aberration [59].
Since the Melles Griot optics are not space qualified and their optical quality is also not very
satisfying, a new design is chosen in collaboration with Galileo Avionica [27]. The new
design of the collimating optics must satisfy the following requirements:
–
–
–
–

the collimation quality must be λ/10 [82],
the wavefront aberration should be below λ/4 maximum,
no focused reflections from the lens surfaces back onto the lasers, and
capability to cope the large horizontal divergence (23°) of the laser diode.

The small levels of collimation and wavefront aberration of the laser beams are necessary to
attain the required spectral resolution of the spectrometer. For reasons of good power stability
of the laser, the optical feed-back level must be kept as low as possible, which means that the
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collimator should not permit focused reflections into the laser cavity (c.f. Section 9.7). The
strongly divergent beam of the laser diode requires a fairly large numerical aperture
(N.A.=0.5) for the collimation optics.
The design of the Galileo collimating optics is modelled with a ray tracing software (Zemax).
The beam propagation is depicted in Figure 7-6.

Figure 7-6 Optical design of the collimator made by Galileo. The ray tracing model
performed with Zemax describes the beam propagation in the horizontal (upper)
and vertical (lower) directions.
The elliptical shape of the collimated beam, shown in Figure 7-7, corresponds to the different
divergence angles of the laser diode.

Figure 7-7 Elliptical shape of the collimated laser beam simulated with Zemax.
The dimensions of the collimated beam are calculated from the beam divergence data of the
laser diode [42] (c.f. Section 6.2).
With ray tracing software, the theoretical wavefront distortion of designed collimator lens
system can be analysed as well. Manufacturing tolerance and assembling error were not
considered in the model, therefore the wavefront aberration describes a perfectly aligned lens
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system. A three dimensional plot of the wavefront error 150mm behind the collimator is
shown in Figure 7-8.

Figure 7-8 Wavefront aberration of the collimation optics. The 2μm astigmatism of the laser
is taken into account.
The peak to valley distortion of the wavefront is 0.0409 waves at 785nm, which is an
excellent achievement. The coloured map of the wavefront aberration in Figure 7-9 shows
that the wavefront has a saddle shape, and in the horizontal direction (collimation direction in
the WBO) the error is only 0.02λ.

Figure 7-9 Two dimensional plot of the wavefront aberration of the collimation optics.
The performance of the manufactured collimator differs from the theoretically expected
results. The lens design of the optics allows for small displacements of the single lenses
without significant aberration degradation of the collimator. However, after mounting and
aligning the collimator lenses it is necessary to verify the wavefront quality. Thus two
measurements were carried out, one with a precise interferometer (Intomatik-N, resolution of
0.01λ) using a highly collimated beam of a HeNe laser (λ =632.8nm). Note that at the
wavelength of the laser diode, the aberrations are a factor of 1.24 smaller because of the
different wavelengths. The second measurement was executed with a beam share
interferometer, which has verified not only the performance of the collimation optics, but also
the quality of the alignment done with the laser diode. Figure 7-10 shows an interferometric
measurement of a flight model of the collimating optics taken with Intomatik-N.
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Figure 7-10 Wavefront distortion of a flight model of the collimation optics measured with
the Intomatik-N interferometer at 632.8nm [27].
The interferogram of the collimator of the upper laser (left) corresponds to a wavefront error
of 0.24λ (0.19λ @ 785nm) peak to valley or 0.05λ (0.04λ@ 785nm) RMS at 70% of the total
aperture. The collimation optics of the lower laser (right) has a wavefront aberration of 0.26λ
(0.21λ @ 785nm) P-V or 0.05λ (0.04λ@ 785nm) RMS. The results of the interferometric
measurements show that the collimator lens design is adequate to achieve the required
resolution of the WBO, even if the measured values are approximately a factor of 5 higher
than the theoretical results.
The collimation and wavefront aberration of the Galileo collimator was verified by means of
the beam share interferometer too, to be able to compare its performance with the Melles
Griot optics. Figure 7-11 shows the fringes of the flight laser unit taken with the
interferometer.

Figure 7-11 Collimation and wavefront distortion of the flight laser unit performed with the
beam share interferometer.
In the interferometric pictures the small number of fringes represents a good collimation
quality. The high parallelism of the fringes implies the Galileo collimator has smaller
aberration errors than the beam share interferometer can resolve. This confirms not only the
good lens design as well as manufacturing and assembly precision of the collimator, but
reveals good positioning of the laser diode relative to the collimator.
The laser alignment accuracy, which corresponds to the collimation quality, has direct
influence on the resolution of the spectrometer. If there is a positioning difference between the
laser diodes, which can be an absolute deviation from the nominal positions of the lasers or a
relative alignment error between the two lasers, the foci of the optical system established by
the lasers are located in different planes. This results in resolution degradation, at least for one
laser. To describe the imaging of a diffraction limited optical system correctly it is necessary
to use a diffractive optical analysis. However, for a quantitative description of the spot size
variation i.e. the resolution behaviour of the instrument as a function of the laser alignment
accuracy, the quasi-optical Gaussian beam optics is used as first approximation analysis. The
location and the dimension of the image waist can be calculated in terms of laser alignment
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accuracy using the matrix representation of the whole optical system. Table 7-1 shows the
waist shift versus laser alignment precision (relative to the nominal location of the image
waist), the image waist size, and the beam radius at the nominal position of the CCD plane.
These results are compared with the findings of a partly diffractive optical analysis, where the
diffraction of light is considered only on the aperture of the Bragg cell, as discussed in Section
7.7.
Laser
alignment
tolerance
[μm]

Relative
waist
location
[μm]

Image
waist size
[μm]

-5
-2
-1
0
+1
+2
+5

+744
+299
+150
0
-151
-302
-761

8.772
8.829
8.848
8.867
8.887
8.891
8.965

Gaussian analysis of
the beam radius in
the CCD plane
(1/e2 intensity
contour) [μm]
22.932
12.236
9.81
8.867
9.848
12.30
23.015

(+158.6%)
(+38.0%)
(+10.6%)
(0%)
(+11%)
(+38.7%)
(+159.6%)

Diffractive analysis
of the beam radius in
the CCD plane
(1/e2 intensity
contour) [μm]
20.58
18.19
17.82
17.70
17.82
18.21
20.70

(+16.3%)
(+2.8%)
(+0.7%)
(0%)
(+0.7%)
(+2.8%)
(+17.0%)

Table 7-1 Transformed beam waist as a function of the laser alignment accuracy. The beam
radius increase at the focus position is calculated by using the Gaussian beam
propagation and partly diffractive analysis. The result of the diffractive analysis
shows that the focal spot increase is in the order of 3% if there is ±2μm alignment
error at the laser diode.
Due to the Gaussian optical calculation 1μm relative (or absolute) positioning error of the
lasers corresponds to a significant spot size enlargement at the CCD plane. This is caused by
ignoring any diffraction effects on the apertures, consequently resulting in a very small
horizontal spot size or short Rayleigh length.
The investigation of the focal spot size based on the diffraction calculation still does not
exactly describe the beam propagation, although it rather precisely simulates the
experimentally observed sensitivity of the CCD alignment. In the real optical system, the
waist location is slightly different as those are calculated in Table 7-1, since the image waist
size is also different. In Figure 7-12 the shapes of the transformed Gaussian beams are plotted
if one laser is at its nominal position and the other is shifted by 2μm in the direction of the
collimation optics.
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Figure 7-12 Gaussian beam transformed by the optical system of the WBO. The case of the
perfectly aligned laser (red) is used as a reference position of the transformed
beam waist. The 2μm alignment error of the second laser (blue) results in a
focus shift of approximately 300μm and a waist enlargement of 2.8% at the
CCD.
The model of the optical system used for the waist transformation of laser beams provides
quite similar focal spot dimensions than measured during the performance check (c.f. Figure
7-16). Furthermore, it can be concluded that the specified maximum allowed decrease of
resolution (10%) is expected at about ±4μm positioning error of the laser diode.

7.1.5 Centring of the laser
Besides the adjustment of the right distance between the laser and the collimator, there is
another important aspect for the collimation. Since the collimation optics have a very small
field of view, the laser diode has to be placed precisely on the optical axis (centring),
otherwise any off-axis error of the laser positioning would introduce an additional aberration.
However, just this small field of view gives the possibility to centre the diode very accurately
by observing the image quality in a large distance (8m).
The success of the centring procedure requires a precise production of the laser housing. Any
angular errors directly affect the collimation quality and resolution, and can not be
compensated for by the centring adjustment. A second effect of the machining precision is the
nonparallel propagation of the main and redundant laser beams. For one frequency signal this
results in a different deflection angle of the Bragg cell, therefore a different pixel number at
the CCD. Even in case of small angle deviations it can happen that at the band edges the
deflected light does not hit the CCD detector. The margin for such kind of angular error is
specified to be <5 arc minutes [82] or an equivalent definition with this is <12 pixel.

7.1.6 Collimation procedure
The collimation of the laser light means an appropriate positioning of the laser diode relative
to the collimation optics. The high precision of the alignment (±1μm) is achieved by using
high precision spacers between the laser flanges and the housing of the collimation optics.
The optimum collimation is attained by lapping the spacer to the right thickness. The
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polishing procedure also guarantees a high surface parallelism and good surface quality of the
spacer, which are important to reduce additional angular errors during the assembly.
The quantitative description of the laser collimation is evaluated from the images taken with a
CCD camera at two different positions. By measuring the “horizontal” beam radii at two
different positions, and using the distance between the two images, the maximum beam radius
change within the given distance can be evaluated. In case of a beam radius of 2.5mm, an
image distance of 7.5m and the required λ/10 maximum wavefront error the maximum
variation of the horizontal beam radius is 0.47mm. Such a beam radius enlargement can be
easily detected by means of a CCD camera. Figure 7-13 shows the collimation images of the
upper laser of a flight model taken with a CCD camera in 0.2m and 7.5m distance.

Figure 7-13 Beam profile of the upper laser unit after collimation [27]. In the picture taken
at 0.2m distance (left) the beam has a Gaussian shape intensity distribution and
a horizontal beam radius of 2.504mm (FWHM). In the picture taken at 7.5m
distance (right) lens aberration errors can be recognised probably caused by the
collimator itself and slight decentring of the laser. The horizontal beam radius
corresponds to 2.550mm (FWHM).
The beam dimensions are determined by means of a fit to a Gaussian beam. From the
evaluated beam radii it can be directly seen that the horizontal beam enlargement is well
within the specified maximum value of 0.47mm. The beam divergence angle results in 2.65
arc seconds, which is also well in accordance with the required λ/10 maximum wavefront
aberration. The vertical beam diameters behave differently due to the astigmatism of the laser.
In the pictures of the collimated laser beam some interference fringes produced somewhere in
the optics can be also seen. In the right picture of Figure 7-13, the two intensity maxima
imply a large deviation from the Gaussian intensity distribution. This non-Gaussian beam
profile is produced by the combination of adjustment errors of the laser (decentring, tilt) and
aberration errors of the collimator. The collimation quality of the lower laser unit is
investigated in the same way, the measured beam profiles are shown in Figure 7-14.
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Figure 7-14 Beam profile of the upper laser unit after collimation [27]. In the picture taken
at 0.2m (left) and 7.5m distance (right) the horizontal beam radius is 2.508mm
(FWHM) and 2.538mm (FWHM), respectively.
From the measured beam radii, it can be directly seen that the beam divergence is less than
that of the upper laser. The quite symmetric intensity profile at 7.5m reveals a good centring
of the laser diode. Since the collimation procedure is iterative, the centring of the laser must
be always performed after each polishing step of the spacer.
The result of the collimation procedure does not provide completely reliable information
about the collimation, because the beams at 7.5m are influenced by interference effects, which
may originate, for example, from a slight decentring of the laser. Thus, the Gaussian envelope
of the beam could have the same width as the near field Gaussian beam width, but might still
not be well collimated. If the same beam widths are found in the near and far fields, with
constructive interference the laser beam could become convergent, or with destructive
interference it could become divergent. The experience shows that applying the collimation
procedure as described above, the accessible collimation accuracy, i.e. relative positioning
tolerance of the lasers, is in the order of 2-3μm. This precision is slightly larger than the
required positioning tolerance of <1μm, therefore the final collimation step might needed to
be done after the laser unit is assembled into the spectrometer and the resolution is precisely
measured for both lasers. The whole optical chain of the instrument is fairly sensitive to the
collimation difference between the two lasers, because the resulting focal length of the system
is very short (5.62mm attained from the optical system simulation). On the optical axis 1μm
relative position difference between the two laser diodes results in a focus position difference
of 0.15mm [73], which is detectable in the resolution of the spectrometer. In principle, the
imaging quality, i.e. the resolution of the optical system, can be analyzed without using the
Bragg cell, because it makes only a horizontal deflection of the beam, and the additional
wavefront distortion due to crystal errors and the finite aperture of the acoustic zone is
irrelevant for the collimation procedure. Thus, a service optical bench was constructed, on
which the imaging components of the spectrometer are aligned at their nominal positions; in
the focal plane of the optical system a CCD camera is mounted on a translation stage, as
illustrated in Figure 7-15.
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Figure 7-15 Service Optical Bench [27]. The setup is used for verifying the collimation
quality of the lasers and the resolution of the optical system.
Moving the CCD camera through the focus and evaluating the actual beam dimensions, the
foci of the lasers relative to each other can be found. If the collimation similarity of the lasers
is high, the foci are nearly on the same plane, otherwise they are shifted by a few hundred
microns on the optical axis. The measurement setup makes it possible to move the CCD
camera very precisely by means of a micrometer screw. The results of the resolution
performance measurement are illustrated in Figure 7-16, where the beam positions versus
beam diameters (FWHM) are plotted for both lasers.
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Figure 7-16 Comparison of the laser collimation. The pixel size of the CCD camera is 7.8μm
[60]. The shape of the beam size versus position represents the propagation of a
Gaussian beam.
Despite of the precise collimation adjustment done before, the focus analysis of the imaging
system clearly shows a collimation difference between the lasers. The foci are approximately
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300μm apart, which corresponds to 2μm relative positioning difference between the two laser
diodes or a spot size difference of approximately 30% (c.f. Table 10-4). A compromise for the
resolution would be position where the two curves cross. Here the spot size is 10% larger than
at the focus, which is the upper limit for the resolution tolerance.
The measured minimum spot dimension (14µm, FWHM) and the calculated spot size at the
focal plane (10.4µm, FWHM) are slightly different. This is because of manufacturing, lens
assembling, and alignment errors, which degrade the imaging quality. Furthermore,
diffraction effects originate from the Bragg cell becomes rather significant, since the deflector
has the smallest aperture in the optical system. In addition, the optical quality of the acoustooptical material is only λ/4, which leads to further wavefront distortions. Consequently, the
image size on the CCD becomes larger, and the positioning tolerance is less critical due to the
increased focal depth of the imaging optics.

7.2 Beam splitter
In the WBO, the acousto-optical deflector is an array Bragg cell, which has four individual
channels. For the illumination of the acoustic zones four equally-spaced parallel laser beams
are needed. In the array-spectrometers that have been designed for ground-based applications
so far, the deflector was illuminated by using optical phase gratings.
In case of the WBS, the arguments against its application are that the typical efficiency of
such gratings is smaller than 80% [94]. The produced number of beams is usually odd (with
special design it could be also even [78], but at higher losses into unwanted orders), therefore
one diffraction order (+2 or -2) results in additional efficiency loss. Furthermore, in case of
the WBO the coupling of a redundant laser beam with high accuracy would demand a 50-50%
beam splitter, thus the remaining overall optical power of the laser, i.e. the optical efficiency
of the spectrometer, is reduced by at least 4-5dB.
The large intensity loss of the grating and the coupling method of the redundant laser have
made it attractive to design a unique prism beam splitter that produces four equally distanced
parallel beams, and makes it possible to couple a second laser beam without introducing
additional losses. Figure 7-17 shows the principal scheme of beam splitting using three
commercial cube beam splitters.

Cube beam splitters

Figure 7-17 Assembly of three commercial cube beam splitters to produce four, equally
distanced, parallel beams.

67

7 Opto-mechanical design of the Wide Bandwidth Spectrometer
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

With the prism assembly it is possible to generate four beams. However, such a construction
runs into difficulties, at least in the case of the WBO, because the 1.6mm±10μm separation of
the Bragg cell channels requires fairly small (2.26mm) cube beam splitters. Furthermore, the
input beams must be parallel in order to produce four parallel output beams, and the
separation of the input beams, which depends on the glass material as well, becomes very
small. In this case, an accurate mounting of the lasers is also hardly feasible if we consider the
diameter of the laser flange and of the collimation optics that are in the order of 10mm. For
this reason, a custom design is approached that solves all the inconveniences of the cube
prism assembly. The working principal of the beam splitter is depicted in Figure 7-18.

Prism beam splitter
Main laser beam
Output beams

Redundant laser beam
Figure 7-18 Scheme of the beam splitter. The two identical inner slabs provide the possibility
to couple the redundant laser. With both lasers the beams are equally spaced.
The beam splitter consists of 4 identical glass prisms (made of BK7G18), which are coated on
one surface for 50-50% beam splitting. Thus, at every connecting surface, the laser beam is
refracted and reflected yielding the necessary four output beams. The input surface angles are
chosen near to the Brewster angle in order to reduce reflection losses, and to guarantee
adequate separation of the mechanical positions of the laser diodes. The output angles of the
beam splitter are also cut under the Brewster angle. Therefore, no additional anti-reflection
coating is needed. The requirements for the output beams are summarized in Table 7-2.
Beam spacing
Vertical beam parallelism
Horizontal beam parallelism
of the four output beams
Maximum intensity variation
between the four beams (Imax/Imin)

Horizontal parallelism between
the main and redundant laser
Beam orientation error
between two output beams

1.6mm±10μm
±10 arc minutes
1.5 arc minutes
20% (10% goal)
5 arc minutes
±10 arc minutes

Table 7-2 Requirements for the beams that illuminate the acoustic zone of the Bragg cell.
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Beam spacing
To guarantee the adequate illumination of the Bragg cell, i.e. to achieve the maximum
diffracted light intensity, the laser beams must precisely hit the acoustic zones of the
deflector. Due to the small height of the acoustic zone (80μm at the transducer side) and the
small vertical dimension of the focused laser beam, the tolerance of the beam spacing is very
tight (±10μm). Furthermore, the beam spacing is also influenced by the “vertical” beam
angles, as depicted in Figure 7-19. The alignment of the whole beam splitter must be done
with the same precision, otherwise the instrument rapidly looses its optical efficiency (c.f.
Section 7.7.3).
Vertical beam parallelism
The alignment of the source module relative to the Bragg cell is possible by overdimensioning holes on the source unit baseplate. The adjustment range of the holes is ±1mm,
within which the beam spacing may not significantly change, because any acoustic zone
mismatching reduces the diffracted light intensity. The ϕ=±10 arc minutes vertical beam
parallelism, shown in Figure 7-19, corresponds to approximately ±6μm beam spacing
tolerance (over the 2mm adjustment range).
+ϕ
−ϕ

Figure 7-19 Vertical beam parallelism error. In the vertical plane parallel to the optical axis
parallelism errors are introduced (±ϕ) by the angular errors of the input beams
or the beam splitter slabs.
Horizontal beam parallelism of the four output beams
The relative horizontal angles of the laser beams have great importance for the frequency
bandpass of the WBO. A small beam angle difference results in different focus position at the
CCD in the horizontal plane. Since the number of the CCD pixels reserved for adjustment
tolerances is very limited, the angular error of the beams cause that at the band edges the focal
spot does not hit the detector.

Figure 7-20 Horizontal angle error of the output beams. Only the propagation of the chief
ray is depicted.
Intensity variation
The intensity variation of the four output beams of the beam splitter affects the strength of the
four CCD signals. Since the dynamic range of the CCD and the IF attenuation range are
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limited, there exists a tolerance on the intensity variation of the illuminating beams. This is
specified to be 20% (Imax/Imin), which has consequences for the tolerance of the splitter coating.
Assuming a transmission coefficient of t=50%, a reflection coefficient of r=50%, and their
tolerance of Δt = − Δr , the intensity variation of the beams is given by
I max (r + Δr )2
=
= 1 .2
I min (r − Δr )2

(7.24)

from which the allowed maximum deviation of the reflection, i.e. transmission coefficient, is
Δr=2.3%. The transmission curve of the splitting coating made by JENOPTIK Laser, Optik,
Systeme GmbH [46] is depicted in Figure 7-21.

Figure 7-21 Transmission coefficient of the splitting coating versus wavelength in case of
61.7 degree angle of incidence (this is the angle of reflection within the prism)
and p-polarization (“vertical”) of the laser beam [46].
At the operation wavelength of the laser (typically 783nm) the transmission coefficient is well
within the required tolerance and the intensity variation is expected to be better than 10%.
Horizontal parallelism between the main and redundant lasers
The centring error of the laser diodes, the assembling precision of the collimator, and the
mechanical tolerances of the housing produce parallelism error between the main and
redundant laser in the “horizontal” plane. Similar to the horizontal angle errors of the output
beams, this error results in a horizontally shifted focus position on the CCD for the two lasers
if the same input IF frequency signal was applied. The limited number of the CCD pixels
reserved for alignment errors represents a tight angle tolerance for the laser beams, because of
the large distance between the deflector and the CCD. The maximum deviation between the
spots of the main and redundant lasers is specified to be less than 10 CCD pixels (150μm),
which corresponds to a maximum horizontal parallelism error of <5 arc minutes.
On the other hand, the effect contributes to the vertical parallelism error of the four output
beams. The input laser beam is reflected by an even and odd number within the beam splitter
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resulting in a different vertical propagation direction. The beams reflected twice undergo the
largest propagation angle change. The vertical parallelism error scales with a factor of 0.56 of
the horizontal angle between the input laser beams.
Beam orientation error between two output beams
The four elliptical spots of the laser unit must be parallel to the acoustic zones of the Bragg
cell, as shown in Figure 7-22, to guarantee the optimal performance of the WBO. The angle
error is introduced by the orientation error of the cylindrical lens and various angular errors of
the beam splitter. The tolerance of ω is specified to be <±10 arc minutes.
+ω
−ω

Figure 7-22 Beam orientation at the focus of the laser unit
In the focus of the laser unit, the angular errors of the beam splitter can be compensated for by
rotating the cylindrical lens, yet in the focus of the whole optical system (CCD plane) the
focal spots of the four channels are shifted horizontally relative to each other.

7.3 Opto-mechanical design of the laser source unit
During the opto-mechanical design of the source unit the following concepts are considered.
The unit must have small size and low weight, but should provide maximum mechanical
stability and remain insensitive against thermal changes. These criteria are applied during the
development phase for all components of the source module components: laser unit, folding
mirror, beam splitter holder and interface plate.
As has been already shown in Section 7.1.3, the relative position between the laser diode and
the collimation optics must be stable within an accuracy of ±1µm. This can be attained by
using materials with low thermal expansion, while keeping the length of the supporting parts
as short as possible. Thus, the housing of the laser unit is made of titanium, the laser flange
and the spacer ring out of stainless steel although it has a larger thermal expansion coefficient.
But, stainless steel improves the heat conduction for the laser diode. The reference surfaces of
the collimator lenses and the laser flange are chosen to have the shortest expanding length
(4.2mm), as is shown in Figure 7-23. Note that the stability of the position of the collimator
lens, which is placed near to the laser diode, is of particular importance.
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Figure 7-23 Mounting of the laser diode
Using the linear thermal expansion coefficient of titanium ( α 0 = 10.8 × 10 −6 ) and stainless
steel ( α 0 = 16 × 10 −6 ), and applying the exact distances between the reference surfaces, the
corresponding thermal expansion over the 10 degree operation temperature range yields
approximately 0.65 micron.
Another important issue is that the laser lifetime strongly depends on its operating
temperature. Since the thermal conductivity of stainless steel is fairly poor and the contact
surface between the laser and the flange is very small, the diode is almost thermally isolated.
In order to dissipate the heat of the laser and provide a larger contact surface, the mounting of
the laser diode is done by means of a copper ring, as shown in Figure 7-24.

Figure 7-24 Close-up view of the laser mounting
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To make the whole source module as compact as possible, a folding mirror is applied. The
support of the mirror must guarantee that the optical path between the laser and the beam
splitter does not change, and must provide a good angular stability for the mirror. By properly
choosing of the supporting surfaces, the required positioning accuracy of the mirror is
attained. The high stiffness is provided by the rigid supporting structure, and the low weight is
achieved by using a space qualified aluminium alloy (AlMg4.5Mn0.7, AA 7075-T7351).
Due to the heat dissipation of the laser diode its temperature is actually a few degrees higher
than that of the WBS baseplate. This means that the temperature of the spectrometer will
always change when the laser is switched on and off, resulting in a spectroscopic stability
problem and large warm up time of the instrument. In order to reduce such effects, a dummy
resistor is mounted on the housing of the laser source unit. The resistor is switched on while
the laser is off maintaining a quasi thermal equilibrium in the WBS.

7.4 Performance results of the source unit
In order to be able to measure the beam angles and distances with an accuracy of a few
microns and arc minutes for all four beams simultaneously, it was necessary to develop a
special test setup. The principle of the measurement technique is based on a linear CCD
placed on an X-Y translation stage, which is controlled by a PC. The CCD line detector is
mounted in the vertical plane (perpendicular to the optical axis) and moved across the beams
of the source unit performing a beam scan, as shown in Figure 7-25.

Figure 7-25 Test setup of the source unit. The CCD line detector is placed on the translation
stages providing an accurate sampling of the laser beam in x and y direction.
The software tool (written for DADA [91]) allows nearly real time analysis of the laser beam
parameters on a graphical surface. The number of scans is adjustable, but even a few tens of
scans provide the necessary measurement accuracy. After each measurement a Gaussian fit is
applied, then the maximum intensities and peak positions of the fitted data are plotted versus
the horizontal beam position. The linear fit of these intensity maximums describes the
orientation and beam interdistances of the output beams. Performing the beam scanning in
two different planes (along the optical axis) the mutual parallelism of the beams can be also
evaluated by the software. The precise movement of the translation stages (0.6μm per step)
guarantees a very good reproducibility and stability of the measurement. The achieved
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precision is 2-3μm for the beam interdistances, and 2 arc minutes for the horizontal beam
orientation and mutual beam parallelism. This high precision is accomplished with a CCD
pixel size of 13μm.
The performance of the four output beams measured by the measurement setup is summarized
in Table 7-3.
Upper channel

Focus position [mm]
Interdistances (1-2;2-3;3-4) [μm]
Interdistances (1-3;2-4)
Mutual parallelism [arc min]
Horizontal beam orientation [arc min]

31/30/30/30 ±1
1594/1592/1604
3185; 3195
-13.7/-0.1/+14.4
±0.55

Lower channel

Focus position [mm]
Interdistances (1-2;2-3;3-4) [μm]
Interdistances (1-3;2-4) [μm]
Mutual parallelism [arc min]
Horizontal beam orientation [arc min]

31/30/30/30 ±1
1592/1595/1601
3186; 3195
-13.5/+0.1/+13.5
±0.55

Horizontal angle between the main and
redundant laser [arc min]

3.2

Table 7-3 Source unit performance of a flight spare model.
The analysis of the intensity profile of the four beams and the intensity distribution
verification in the focus of the cylindrical lens are part of the final performance analysis. The
intensity profile could be distorted due to alignment errors of the collimator, therefore
measurements were carried out with a CCD camera. The image of the four beams taken in the
focus of the cylindrical lens is shown in Figure 7-26.

Figure 7-26 Beams of the flight laser model in the focus of the cylindrical lens (Bragg cell
plane).
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The intensity profile of one of the beams evaluated by software is depicted in Figure 7-27.

700

Laser beam
Gauss fit

Intesity [counts]

600
500
400
300
200

w=318pixel

100
0
0

100

200

300

400

500

600

700

Beam dimension [pixel]

Figure 7-27 Intensity profile of one output beam of the source unit. The red line denotes the
Gaussian fit of the beam, whose waist dimension corresponds to about
2.765±0.006mm (pixel size of the camera is 8.695x9.917μm). The horizontal
beam dimension is well in agreement with the theoretically calculated value of
2.786mm.
The quality of the beam splitter coatings can be compared with the values measured by [46].
The peak intensities in the image vertical direction, as shown in Figure 7-28, indicate a very
small difference between the beams, i.e. good performance of the beam splitter coating.
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Figure 7-28 Intensity distribution of the four beams. The vertical waist size is in the order of
40±5μm (theoretically expected value is 33μm).
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The intensity variation is in the order of 3%, which is well within the specification (20%).

7.5 Bragg cell
The deflector applied in the WBO is a four-channel array Bragg cell provided by ASI 34 with
collaboration of the institute of CAISMI 35 . The special design of the Bragg cell (made by [4])
uses one large crystal to accommodate the four acoustic channels. The acousto-optical
material of the deflector is anisotropic lithium-niobate. At the design wavelength of 785nm
this material provides high diffraction efficiency (>10%/Watt) due to the low acoustic
velocity and low acoustic attenuation of the crystal. Actually, the array deflector provides two
application possibilities: the hybrid mode, where the channels are merged into one large
bandwidth by using additional IF processing electronics; and the array mode, where the
individual channels of the Bragg cell process the signals of an array receiver, like STAR 36 or
SMART 37 . The bandwidth of one deflector channel is 1GHz, but, using the array
arrangement, 4GHz bandwidth is achieved. The design of the light weighted Bragg cell is
shown in Figure 7-29.

Figure 7-29 Photo of the flight model of the Herschel Bragg cell (MRQ-IS-FM001). The
optical height of the deflector is 25mm. The mirror in front of the crystal is
intended to reduce the light scatter coming from the package.

7.5.1 IF frequency coupling
To couple the IF frequency (1.55-2.65GHz) into the crystal there are four transducers attached
to the crystal surface, as shown in Figure 7-30. A spacing of 1.6mm±10µm was chosen for the
four transducers, in order to guarantee a low level of acoustic cross talk.

34

Agenzia Spaziale Italiana (Italian Space Agency)
Centro per l’Astronomia Infrarossa e lo Studio del Mezzo Interstellare (National Research Council of Italy,
Astronomical Institut for Interstellar Medium Exploration)
36
German Receiver for Astronomy at Terahertz Frequencies
37
SubMillimeter Array Receiver for Two Frequencies
35
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Figure 7-30 Arrangement of the ultrasonic waves
The output impedance of the IF unit is specified to 50Ω, which should be matched to the input
of the deflector. The simplest solution for that is to use the bond-wires of the device’s
electrical interconnects as an impedance matching network, shown in Figure 7-31. By
changing the length of the bond-wires, the resonance and the impedance can be adjusted [47].

Figure 7-31 Matching network of the bond-wires [47]. The IF signal is fed into the acoustooptical crystal by means of a transducer array, which provides a couple of
bonding possibilities. In the picture, the micro-strip boards correspond to
channel 1 and 2 of the deflector. With the length of the parallel bond-wire the
inductance can be matched to become low SWR.
The result of the coupling quality can be examined by measuring the standing wave ratio
(SWR). A typical VSWR attained with the flight hardware varies between 1:1.1 and 1:1.61
within the frequency range of 1.55-2.65GHz [47]. This implies that the reflected power from
the transducer is less than 10%.

7.5.2 Bandpass performance
The bandpass shape of the deflector strongly depends on the crystal cut. In an optimized
illumination configuration (with 1µs aperture time centred at 1.73mm from the transducer
face) the frequency response of the deflector was measured. The results are plotted in Figure
7-32 [47].
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Figure 7-32 Bandpass of the four channels of the Bragg cell (flight model)
During the measurement, the centre frequency was optimized to have the smallest bandpass
ripple over the 1GHz frequency span. Thus, the best achieved acousto-optical bandshape
variation over a 1GHz bandwidth at the centre frequency of about 2.13GHz is between 1.3 and
1.7dB.

7.5.3 Acousto-optical cross talk
Interchannel crosstalk may originate from diffraction effects of the acoustic wave on the
transducer and from an electrical coupling between the bond-wires. Since the vertical
dimension of the acoustic wave within the useful interaction length is much smaller (about
400µm [63]) than the spacing of the acoustic channels (1.6mm), seen in Figure 7-33, the
acoustic cross talk is extremely low.
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Figure 7-33 Ultrasonic waves in the Bragg cell. An adequate separation of the acoustic fields
provides low level of acoustic crosstalk. In the picture, the ultrasonic wave
propagates from the transducer side (left) to the right. The divergence of the
acoustic waves and the higher diffraction orders are well recognizable.
The electrical coupling between the layout and bond-wires is more detectable but still a weak
effect. The measured results are excellent: between adjacent channels the electrical cross-talk
levels are typically around -35dB, and for non-adjacent channels around -50dB [47].

7.6 Illumination of the Bragg cell
The intensity of the ultrasonic wave decreases with increasing distance from the transducer
because of absorption and dispersion effects in the crystal and the diffraction on the
transducer itself. This results in an effective acoustic interaction length, the so-called effective
aperture of the deflector. The dimension of the effective aperture defines the spatial resolution
of the deflector as follows (c.f. Section 4.3). The product of the aperture time and the
bandpass of the Bragg deflector define the number of resolvable spots (4.28). From the
aperture time (τ), which is the time required for the acoustic wave to pass through the acoustic
zone, and from the velocity of the ultrasonic wave, the acoustic aperture length can be
determined. This yields the following expression for the number of resolvable spots N

N=

Δϑ

δϑ

= Δf aτ = Aeff

2 ⋅ 3.6n cos ϑ
.
λL

(7.25)

To achieve high resolution with the deflector the acoustic materials must allow for large
acoustic apertures (crystals with small attenuation), and applying large transducer width
(small acoustic divergence) and short laser wavelength is preferable. Previous investigations
have shown that the resolution can be increased by using a decentred illumination of the
deflector, as shown in Figure 7-34 [56].
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Figure 7-34 Optimized illumination of the Bragg deflector, supposing an exponential
attenuation of the ultrasonic wave.
With this optimized illumination, absorption effects can be compensated further away from
the transducer, which results in a larger effective aperture of the Bragg cell. Theoretically, the
decentred illumination function can be expressed as the product of the amplitude profile of the
Gaussian laser beam and the exponential attenuation function of the crystal
f (x) = E(x)⋅ S (x) = e

−

( x − x0 )2
w02

⋅e

−

Γx
x
2

,

(7.26)

where
x0 – is the position of the maximum amplitude of the laser light,
w0 – is the waist dimension of the laser light, and
Γx – is the attenuation coefficient of the acoustic wave.
The product is also a Gaussian function having smaller amplitude, and is shifted in the
“horizontal” direction. For a given useful aperture of the Bragg cell the achievable maximal
resolution results in an optimum horizontal laser beam width of (see Eq. 7.1)
w0FWHM = 0.673 ⋅ A .

(7.27)

7.7 Diffraction on the Bragg cell - Theoretical resolution of the WBS
During the optical system optimization, the spot size at the CCD is calculated neglecting any
diffraction effects or lens aberrations. In the following, the laser light diffraction on the
effective aperture of the Bragg cell is investigated in more detail, as it is the smallest aperture
in the imaging optics and therefore limits the smallest reachable dimension of the focal spot,
i.e. the achievable maximum resolution. The model used for the diffraction calculation is able
to deal with lens aberration effects; thus, it provides an appropriate description of practically
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achievable resolution bandwidths of the spectrometer (c.f. Section 10.8). Further important
aim of the calculation is the simulation of various alignment errors and their impact on the
filter function of a frequency channel.
In the Bragg cell the acoustic wave is diffracted on the rectangular shape transducer resulting
in a diffraction pattern similar to from the optics known sinc2(x) function (see Figure 7-33).
To keep the model as simple as possible, the three-dimensional acoustic field is approximated
by a two-dimensional Gaussian beam that propagates in the vertical direction and has nearly
the same dimension as the ultrasonic wave. The model of the Bragg aperture properly
describes the frequency dependent dimension of the acoustic field, moreover comprises the
frequency dependent acoustic attenuation.
The image plane of the optical system is located far away from the Bragg cell, thus the
description of Fraunhofer diffraction is suitable for studying the diffraction phenomenon of
aperture of the deflector. The electromagnetic field function at the image plane is given by [9]

E ( x, y ) =

∫∫ G(ξ ,η )e

− ik ( xξ + yη )

dξdη ,

(7.28)

where G (ξ ,η ) is the normalized pupil function. In the case of the Bragg cell, the pupil
function is a composition of the following functions:
–
–
–
–

divergent acoustic wave due to the diffraction on the transducer,
the acoustic attenuation function (in the direction of the ultrasonic wave propagation),
the laser field distribution in the vertical direction, and
the laser field distribution in the horizontal direction.

The amplitude of the divergent ultrasonic wave is described by the normalized Gaussian beam
function
AU (ξ ,η ) =

4

2

πwS2 (ξ )

e

−

η2
wS2 (ξ )

,

(7.29)

where

ξ – is the horizontal coordinate at the Bragg cell,
η – is the vertical coordinate at the Bragg cell, and
wS (ξ ) – is the waist function of the ultrasound defined by
wS (ξ ) = wS 0

⎛ v ξ
1 + ⎜⎜ S 2
⎝ πfwS 0

2

⎞
⎟ ,
⎟
⎠

(7.30)

where
v S – is the velocity of the ultrasound,
f – is the frequency of the ultrasound, and
wS 0 – is the vertical waist of the ultrasound (or vertical dimension of the acoustic wave at
the transducer).
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The acoustic attenuation of the crystal can be approximated by an exponentially decaying
function. Its amplitude as a function of acoustic frequency and position is expressed by
Γ( f , ξ ) = Γ0 e

−

α( f

)

2

ξ

(7.31)

,

where Γ0 is a normalizing factor and α(f) is the frequency dependent coefficient of acoustic
attenuation per meter. In the crystallography the acoustic attenuation is given in the time
domain in dB/μs by the empirical formula of

α ∗ ( f ) = 1.31 f 1.77 ,

(7.32)

ln (10)
) must be considered
10v a t A
for the attenuation coefficient used in [1/length] units during the calculation. The
normalization of the acoustic wave is chosen to have the same horizontal effective aperture D
within the Bragg cell for different acoustic frequencies. This concerns the diffracted light
intensity variation caused by the frequency dependent attenuation coefficient. Thus, the
amplitude function of the acoustic wave takes the form of

where the frequency f is meant in GHz, thus a correction factor (

Γ( f , ξ ) =

1
D

e

−

α( f
2

)

ξ

.

(7.33)

The relative acoustic power within the aperture of the Bragg cell is calculated by
D

∫
0

1
D

e

−

α( f
2

)

ξ

2

dξ =

1 − e −α ( f ) D
.
α ( f )D

(7.34)

The decaying acoustic wave is then described by the multiplication of (7.29) and (7.33)
AS (ξ ,η ) =

1
D

4

2

πwS2 (ξ )

e

−

α( f
2

)

ξ

e

−

η2
wS2 (ξ )

.

(7.35)

The amplitude distribution of the attenuated and divergent sound wave is depicted in Figure
7-35 as a three-dimensional plot. The axis of ξ and η correspond to the horizontal and
vertical crystal directions at the Bragg cell.
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Figure 7-35 Amplitude distribution of the ultrasonic wave at 2.1GHz IF frequency. The waist
size is chosen to have approximately the same dimension of beam radius
(200μm) at the end of the aperture as is experimentally measured (c.f. Section
7.5.3). The useful aperture of the Bragg cell is assumed to be 4mm.
The normalized amplitude of the laser field centred to the ultrasonic wave is given by the
definition of Gaussian beams
−
2
AL (ξ ,η ) =
e
πwξ wη

(ξ − s )2
2

wξ

e

⎛ 1
k
− (η − t ) 2 ⎜ 2 − i
⎜w
2 Rη
⎝ η

⎞
⎟
⎟
⎠

(7.36)

,

where
wξ – is the waist of the laser beam (in the horizontal direction),
wη – is the waist of the laser beam (in the vertical direction),

s – is the distance of the laser beam centre measured from the transducer in the horizontal
direction,
t – is the distance of the laser beam centre measured from the centre of the acoustic field
(or transducer) in the vertical direction,
Rη – is the radius of curvature of the laser phase front, and
k – is the wavenumber vector of the laser field.
The normalized pupil function G (ξ ,η ) can be calculated as the multiplication of the laserand the acoustic fields
G (ξ ,η ) = AS (ξ ,η ) AL (ξ ,η ) = AR (ξ ,η )e

i (η − t )2

k
2 Rη

(7.37)

,

where

⎛ 2⎞
AR (ξ ,η ) = ⎜ ⎟
⎝π ⎠

3/ 4

1
D

1

wS (ξ )wξ wη

e

⎡ α ( f ) (ξ − s )2 ⎤
⎥
−⎢
ξ+
⎢⎣ 2
wξ2 ⎥⎦

e

⎡ η2
(η − t )2 ⎤⎥
−⎢ 2
+
⎢⎣ wS (ξ )
wη2 ⎥⎦

.

(7.38)
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If the laser beam is exactly focused onto the sonic wave, the radius of curvature of the laser
phase front is infinity and the pupil function becomes purely real, otherwise, if the active zone
is over illuminated this results in a focus position change of the imaging optics behind the
Bragg cell. In a practical case, the CCD is always adjusted into the focus, therefore the
infinity radius of the phase front used in the calculation is an appropriate consideration.
In the optimized illumination case of the deflector, when the amplitude maximum of the pupil
function is in the middle of the useful aperture of the Bragg cell, is shown in Figure 7-36.

Figure 7-36 Amplitude distribution of the pupil function. For 4mm horizontal aperture size,
the amplitude maximum is exactly in the middle of the aperture. This is achieved
by shifting the centre of the laser by 3.513mm in the horizontal direction relative
to the transducer. The horizontal waist dimension (ξ direction) is 2.786mm.
Substituting the pupil function into the expression of the diffraction integral formula and
calculating the intensity of the diffracted light results in

I ( x, y ) =

D +∞

∫ ∫ A (ξ ,η )e
R

⎛ x
(η − t )2
y
− ik ⎜ ξ + η +
⎜ Fx
F
2 Rη
y
⎝

⎞
⎟
⎟
⎠

2

dξdη ,

(7.39)

0 −∞

where the parameters of Fx and Fy denote the effective focal lengths of the scan optics in the
horizontal and vertical direction. The variables x and y are the coordinates in the CCD plane.
The resulting diffraction pattern corresponds to the intensity distribution observed with a
detector that has infinite dimension. To consider the effect caused by the finite dimension of
the detector area, the expression of (7.39) must be integrated over the pixel size of the CCD
1
I ( x, y ) =
W ⋅H

x +W / 2 y + H / 2

∫

∫ I ( x' , y')dx' dy' ,

x −W / 2 y − H / 2

where W is the width and H is the height of a CCD pixel.
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7.7.1 Diffraction limit of the focal spot
The complicated complex diffraction integral can not be solved with closed analytic
functions, therefore it is numerically computed. The pupil function is mapped within a
rectangular aperture that is adequately centred and matched to the active zone of the Bragg
cell. Practically, a sampling of 100x100 points of the pupil function provides a detailed
diffraction pattern. The result of the diffraction calculation is depicted in Figure 7-37 as a
three-dimensional plot of the focal spot.

Figure 7-37 Intensity distribution of the focal spot at 2.1GHz IF frequency and 4mm
horizontal Bragg aperture size. As a result of diffraction on the acoustic
aperture, the side-lobes in the horizontal direction are recognizable.
In order to make the line width in the horizontal and vertical directions visible, the intensity
profile is cut through the centre of the image plane. Figure 7-38 shows the spot dimensions
measured in resolution bandwidth, fluctuation bandwidth (see Section 7.9) and the FWHM of
the Gaussian fit in both directions.
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Figure 7-38 Spot dimensions in the horizontal and vertical direction. The vertical spot is size
is fairly large due to the small aperture at the Bragg cell.
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The calculated resolution bandwidth determines the maximum achievable resolution that is
limited purely by diffraction on the Bragg aperture (diffraction limit). The resolution
bandwidth expressed in frequency corresponds to 965kHz. Note that in the model the
resolution bandwidth is almost independent of the IF frequency.
The efficiency optimization of the WBO is attained by applying the cylindrical lens behind
the scan optics. To model the focusing of the cylindrical lens in the vertical direction, the
diffraction calculation must be modified. Due to the one-to-one imaging property of the lens
system, this is a simplification of the diffraction integral actually. The vertical intensity
distribution at the CCD is calculated from the mirrored illumination function at the Bragg
cell. From this reason, there is no integration needed in the vertical direction. Hence, the
phase front remains the same as in front of the Bragg cell, but is multiplied by -1. The
intensity distribution of the focal spot employing the cylindrical lens is depicted in Figure
7-39.

Figure 7-39 Intensity distribution in the focus of the scan optics employing the cylindrical
lens. The input frequency is 2.1GHz and the aperture of the Bragg cell is 4mm.
The side-lobes in the x direction are well visible due to the focusing of the
cylindrical lens. In the vertical direction, from the resolution point of view the
diffraction pattern is uninteresting.
The accurate spot dimensions are calculated from the horizontal and vertical cuts through the
middle of the image plane, as shown in Figure 7-40.
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Figure 7-40 Spot dimensions in the horizontal and vertical direction when the cylindrical
lens is also applied. The vertical spot size is a factor of about 30 smaller than the
case above.
It can be established that using the cylindrical lens has less impact on the resolution, since it
does not affect the imaging in the horizontal direction, yet the efficiency increases with a
factor of 40 (16dB).

7.7.2 Focal spot quality influenced by lens aberrations
Any optical system contains lens imperfections and assembly errors that degrade the focal
spot quality. This means phase front distortions of the laser beam that results in focal spot
enlargement and therefore resolution deterioration. In the model of the diffraction analysis
used above, lens aberrations can be also incorporated by multiplying the integrand by a
polynomial factor that describes the phase front errors. Reasonably, the phase front
aberrations are modelled by using Legendre polynomials [11]
Lk ( x ) =

1 dn 2
(x − 1)n ,
n
n
2 n! dx

(7.41)

where x ∈ [-1,1], k ∈ N and L0 = 1 .
The Legendre polynomials have the advantage that they form a complete set of ortho-normed
system and for higher orders than n>2 there is no spherical component present. This property
of the Legendre polynomials is very important, because an additional spherical wavefront
would change the focus position of the optical system. Thus, the expression of the diffraction
integral without averaging through the CCD pixels takes the form of

I ( x, y ) =

D +∞

∫ ∫ A (ξ ,η )e
R

− ikβ ( ALl (ξ )+ BLm (ξ ) )

e

⎛ x
(η − t )2
y
− ik ⎜ ξ + η +
⎜ Fx
F
2 Rη
y
⎝

⎞
⎟
⎟
⎠

2

dξdη ,

(7.42)

0 −∞

where
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β – denotes the wavefront distortion in fraction of wavelength,
Ll (ξ ), Lm (ξ ) – are different orders of Legendre polynomials, and
A, B – are weighing factors needed for the linear combination.
The argument of the Legendre polynomial ξ is scaled to the [-1,1] interval. In the first
approximation, the aberration error in the vertical direction is uninteresting.
In the diffraction model, the linear combination of only even orders of Legendre polynomials
are used, since during the adjustment of the WBO possibly symmetric filter curves are
attained. The result of a lens aberration simulation is shown in Figure 7-41, when λ/4
wavefront error and the averaging of the CCD pixels is considered. During the evaluation, the
cylindrical lens is used in the imaging system, otherwise asymmetry is involved in the filter
curve through the relative change of the maximum position of the pupil function.
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Figure 7-41 Horizontal intensity distribution at the CCD in case of λ/4 wavefront distortion
at 2.1GHz input signal. The increase of the side-lobes results in resolution
degradation.
It is striking that the side-lobes increase compared to the idealized case of imaging optics.
Due to lens aberration errors, the resolution bandwidth is 24.4μm, which corresponds to
1.07MHz frequency resolution. This result is well in agreement with the experimentally
measured resolution bandwidth of about <1.1MHz (c.f. Section 10.8).

7.7.3 Simulation of alignment errors
In the real thermal environment, the alignment of the spectrometer changes. The high
temperature sensitivity is mainly caused by the laser source unit, as has already been
discussed in Section 7.1.3, but mechanical deformations of the WBO housing, module
interface plates, and holders due to thermal expansions also contribute to performance
changes of the spectrometer. In the laser module, a few hundred nm position change of the
laser diode or slight (<1arc minute) bending of the interface plate produce significant beam
interdistance variation at the output beams for instance. Consequently, the laser beam does not
hit exactly the centre of the acoustic zone of the Bragg cell, resulting in efficiency and
resolution degradation of the instrument.
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With the diffraction model of the Bragg cell it is possible to simulate alignment errors
introduced by horizontal and vertical position changes of the laser beam. These alignment
errors between the laser beam and acoustic zone are measured relative to the optimum
illumination position. In case of a beam position change in the vertical direction, the
resolution bandwidth and efficiency vary as depicted in Figure 7-42. The simulation is
performed using a λ/4 wavefront aberration and without changing the vertical position of the
CCD detector.
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Figure 7-42 Resolution bandwidth and efficiency change due to vertical misalignment of the
laser beam relative to the centre of the acoustic zone. About 10% resolution and
50% efficiency degradation can be expected in case of ±35μm vertical shift of
the laser beam.
The theoretical results of the efficiency change of the instrument are compared to that of the
experimentally observed performance deterioration. In the efficiency optimized and
temperature stabilized band of the WBO, the illumination of the Bragg cell is changed in the
vertical direction by means of a plane-parallel glass plate in the beam path. The rotation of the
glass plate offers fine height adjustment of the laser beam. In order to detect the efficiency
variation, the signal of a noise-source is fed into the Bragg-cell, and the averaged counts of all
frequency channels are plotted versus relative height change of laser beam. Figure 7-43 shows
the measured efficiency degradation in percent relative to the optimum performance.
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Figure 7-43 Efficiency change of the WBO due to vertical misalignment of the laser beam
relative to the centre of the acoustic zone.
The results of the measurement show that ±10μm misalignment in height between the Braggcell and the laser beam produces approximately 10% efficiency degradation of the
spectrometer, and ±25μm results in 50% efficiency change. These values are in good
agreement with the results of the theoretical calculation.
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In the horizontal direction, the alignment error of the laser beam relative to the optimum
illumination position of the Bragg cell affects the resolution and the efficiency of the
spectrometer.
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Figure 7-44 Resolution bandwidth and efficiency change of the WBO due to horizontal
misalignment of the laser relative to the optimum illumination position. The
laser beam does not contain any wavefront aberration, because by shifting the
laser the Legendre polynomials introduce asymmetry into the diffraction pattern,
as they are defined within the interval of [-1,1].
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This alignment sensitivity is investigated with the diffraction model of the Bragg cell. Figure
7-44 shows the calculated resolution and efficiency variation versus horizontal illumination
position of the deflector. A positive shift corresponds to a larger distance between the
transducer and the beam centre.
It can be concluded that ±300μm horizontal beam position change from the optimum
produces <1% resolution degradation, therefore a few 100μm misalignments does not make
recognizable change in resolution. At the same time, the efficiency increases if the beam
centre moves closer to the transducer. A possible explanation is that the multiplication of a
Gaussian beam profile with the attenuation function of the ultrasonic wave results in
effectively higher amplitude of the pupil function; thus, the diffracted light intensity is higher.
This has been experimentally proven during the alignment procedure of acousto-optical
spectrometers. On the other hand, the efficiency decreases drastically if the laser beam shifted
away from the transducer.

7.7.4 Simulation of positioning accuracy of the laser diode on the optical
axis
The positioning accuracy of the laser diode has already been investigated, however without
involving any lens aberration or diffraction effects. Now, it is worth mentioning how the
dimension of the focal spot i.e. the resolution varies when the laser position on the optical axis
changes. In the diffraction model of the Bragg cell, the collimation change of the laser beam
is considered to be radius variation of the phase front at the position of the deflector.
Practically, the phase front radius is taken into account by using second order of Legendre
polynomials in the phase expression of the diffraction integral, since they represent spherical
waves. Figure 7-45 shows the resolution change calculated from the FWHM dimension of the
focal spot versus laser position on the optical axis.
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Figure 7-45 Impact of the collimation change on the resolution of the WBO. The laser
position change in the positive direction denotes an increased distance between
the laser and the collimator. During the calculation a wavefront aberration of
about λ/4 of the laser beam is employed.
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It is conspicuous that the smallest focal spot is not at the geometrical focus of the imaging
optics, but slightly in front of it. This is because of the different focal length definition
between Gaussian and geometrical optics. From the results of the calculation it can be
established that ±4μm laser position change results in >5% resolution degradation of the
instrument. This value corresponds to about ±400μm position change of the CCD or in case of
10% resolution degradation it is about ±600μm. These achievements are in agreement with
the results attained experimentally.

7.8 Scan optics
The deflected laser light must be Fourier transformed in order to get the necessary spectral
information from the IF signal. This can be performed by imaging the deflected laser beam
with a lens system. The demand for the optical system is that it should provide linear imaging
in the deflection angle (the frequency non-linearity of the spectrometer must be defined by the
Bragg cell and not by the optics), and the lens system should be diffraction limited in order to
guarantee the good resolution and efficiency of the spectrometer. The angle linearity means
that the deflected beam angle linearly scales with the image position, which is necessary to
produce a linear frequency scale at the image plane. This kind of imaging can be realized by
means of scan optics (f-ϑ lens). The necessary focal length of the scan optics is determined by
the deflection angle range and resolution provided by the deflector, and the sampling
criterion. According to the Nyquist sampling theorem, the resolution information defined by
the Bragg cell can be preserved if the number of the sampling intervals is at least twice the
number of resolvable spots of the deflector. From the time-bandwidth product, the resolution
of the Bragg cell results in 1000 frequency channels i.e. 1MHz. Consequently, the detector
should have at least 2000 pixels in order not to lose resolution information. The pixel width of
the detector is 13µm, thus the dimension of the scanning length results in 26mm. The imaging
rule of scan optics is defined by
fϑ = l ,

(7.43)

where f is the focal length, ϑ is half of the scanning angle, and l is half of the scanning length.
Substituting the scanning angle of 13.1 degree of the Bragg cell into (7.43), the necessary
focal length of the scan optics becomes 113.7mm. In practice, the scan optics with 100mm
focal length is proved to be sufficient to guarantee the resolution of the WBO unit.
The diffracted light has larger beam divergence in the vertical direction than in the horizontal,
due to the small vertical size of the acoustic zone. Thus, applying the scan optics as a single
imaging optics, the focal spot has different dimensions in the vertical and horizontal
directions. This means of course a degraded efficiency of the WBO. In addition, the deflected
four beams must be imaged onto the CCD, which might not have the same line spacing as the
channel distance of the Bragg cell. These effects are compensated by using an additional
focusing in the vertical direction. This is performed by means of a cylindrical lens as
discussed in Section 6.3.1. With the position and focal length of the cylindrical lens can be
adjusted that the laser light is focused in both directions exactly onto the detector area.
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7.9 CCD detector
In the WBO, the deflected light is detected by using CCD line detectors. The detector used in
the WBO is made by Reticon [68] and has 2048 pixels with the size of 13x26μm (WxH). For
the WBO, a custom designed detector array is fabricated, since the commercial detectors are
only single line devices. The four lines needed for the spectrometer are cut out from the wafer
then the chip is bonded and packaged with respect to space qualification norms. The photo of
a qualified CCD array is shown in Figure 7-46.

Figure 7-46 The four line hybrid CCD. The bonding and packaging is done by [55]. The heat
sink underneath the CCD chip provides good thermal conductivity, mechanical
stability, and support for the detector. The glass plate protects the device from
mechanical damages, and its wedged surface prevents undesired reflections and
interferences from its surface.
The noise performance of the detector is of particular importance for the spectrometer, since it
contributes to the noise of the detected signal, and therefore might reduce the S/N ratio of the
instrument. The noise contribution of the device within the dynamic range of the CCD
(typically 13dB) should remain small compared to the radiometric noise described by the
radiometer equation [54]

σ =
2
R

S

2

B flτ

,

(7.44)

2

where S is the mean square of the detected signal, τ is the integration time, Bfl is the
fluctuation bandwidth
2

⎤
⎡∞
⎢ ∫ P(υ )dυ ⎥
0
⎦
B fl = ⎣ ∞
,
2
∫ P (υ )dυ

(7.45)

0

and P(υ ) is the channel response (filter curve) of the spectrometer. The fluctuation bandwidth
represents the width of an equivalent rectangular filter that transmits the same noise
fluctuation as the discussed filter. The channel profile P(υ ) is determined by the diffraction
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pattern of the horizontal aperture of the deflector, the finite dimensions of the CCD pixels,
and the crosstalk between the neighbouring pixels. The noise contribution of an acoustooptical spectrometer is characterized by the noise dynamic range. This determines the
illumination range of the CCD, where the noise contribution to the radiometric noise of the
input signal remains below 1dB.
The noise of the spectrometer comprises the detector noise, the noise of the CCD readout
electronics, the quantizing noise of the digital electronics, laser power fluctuations, scattered
laser light, and laser speckle. These noise contributions can be divided into two types: the
background noise, which is the eigen noise of the instrument without input signal, and the
shot noise, which is the noise generated by the photoelectrons in the CCD. The background
noise of the spectrometer originates from the thermally produced electrons in the CCD (dark
current), from the readout noise of the electronics, and from the electrons generated by laser
speckle and scattered light that is also imaged onto the detector. Statistically, these can be
expressed by
2
σ dark
= n D + n R + n LS ,

(7.46)

where nD is the number of the dark current electrons, nR is the number of the readout electrons
(nD << nR), and nLS is the number of the light scatter electrons. The shot noise of the
instrument comes from the statistical fluctuations of the photoelectrons produced in the CCD.
The number of these electrons is dependent on the number of the signal electrons and
therefore the illumination level of the detector. The statistical behaviour of the shot noise is
determined by
2
σ shot
= nS ,

(7.47)

where nS is the number of the signal electrons.
In order to keep the noise level of the spectrometer low, not only the high dynamic range of
the detector is important but also the number of the maximum photoelectrons n FW (full well
capacity) of the CCD is decisive. The dynamic range of the detector is defined through
R=

n FW
nD + nR

.

(7.48)

The total noise contribution of the spectrometer to the radiometric noise (neglecting light
scatter and laser speckle) then can be expressed as a function of the detector illumination level
[77]
2
2
2
σ tot
= σ radiometri
c ⋅ f (α )

f (α ) = 1 +

where
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α – is the relative illumination of the CCD (typically 0.8 ≤ β ≤ 0.9 ),
β – is the relative signal level of the analogue-digital converter ( 0 ≤ α ≤ 1), and
δ – is the readout frame time of the CCD (10ms).
With decreasing illumination the noise contribution f(α) of the CCD increase, because there
are less photoelectrons generated and the CCD noise becomes dominating besides the
radiometric noise (see Figure 7-47).

Figure 7-47 Increase of the radiometric noise as a function of relative illumination of the
CCD [77]. The 1dB (26%) point of the curve defines the noise dynamic range of
the device.
The minimum illumination level of the CCD (approximately 4% at the fluctuation bandwidth
of 1.6MHz) determines its noise dynamic range

⎛ 1
NDR = 10 ⋅ log⎜⎜
⎝ α min

⎞
⎟⎟ = 14dB .
⎠

(7.51)

The NDR, which is dependent on the fluctuation bandwidth of the spectrometer, specifies the
dynamic range of the instrument, within observations of radiometric signals can be
accomplished. A smaller fluctuation bandwidth results in larger radiometric noise, and
therefore the noise contribution of the instrument becomes less, while the NDR increases.
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8 Mechanical investigations of the WBO Housing

8.1 WBO Housing Deformation Analysis
The stability of the instrument is affected by the mechanical stability of its housing. Due to
the relatively long optical path and the small pixel size of the CCD, any alignment instability
caused by mechanical or thermal effects might deteriorate the optimal performance of the
instrument. These instabilities originate from the combination of the following effects:
– Mechanical stress on the baseplate caused by mounting the WBO box. The WBO
housing consists of two main parts: the baseplate, which is the optical bench of the
instrument, and the box. Since the optical alignment is done without mounting the
WBO box on the baseplate, the alignment change is considerable when screwing these
two parts together.
– Integration of the WBO onto the spacecraft service plate. The operating temperature
range of the spectrometer is 5-15°C, while the service plate on which the WBO is
mounted, is at lower temperature. The about 5 degrees temperature difference between
the two units results in a mechanical deformation of the WBO baseplate due to the
different thermal expansions.
– Thermal gradient of the spacecraft service plate produced by other instruments. The
thermal interface between the spacecraft and WBO guarantees a maximum of a 6-
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degree gradient over the whole service plate [41]. This produces a thermal gradient on
the WBO optical bench, mechanically deforming it as well.
The alignment of the WBO is done at 15°C stabilized temperature 38 in thermal equilibrium.
The effects mentioned above may have significant impact on the efficiency, resolution and
bandpass ripple of the instrument. From this reason a detailed deformation analysis is carried
out for the WBO housing to predict the thermal and mechanical sensitivity of the
spectrometer.
During the experiment, the following effects are modelled: the deformation of the WBO
baseplate caused by assembling the WBO box, 6-degree temperature gradient generated on
the simulated spacecraft service plate, and 6-degree temperature difference between the
simulated spacecraft service plate and the WBO baseplate.

8.1.1

Results of the WBO deformation analysis

A comparison of the different thermal cases mentioned above is summarized in Table1.
Measurement procedure

Assembling the WBO box and baseplate
Temperature gradient generated on the
dummy service plate (6K) and the WBO
baseplate (1K), respectively
Constant temperature difference between
the dummy service plate and the WBO
(ΔT=6K, temp. grad < 0.1K)

Maximum deformation
of the WBO baseplate
(precision: ±2μm)
14μm
14μm
9μm

Table 8-1 Comparison table of the deformation of the WBO baseplate caused by different
mechanical and thermal effects
In worst case, when the deformations are simply added, the resulting maximal deformation is
roughly 40μm over the total length of 400mm. The 40μm deformation of the WBO optical
bench is a considerable change in the performance of the spectrometer, which is discussed in
Section 8.2.
The results of the above measurements led us to the following adjustment strategy of the
spectrometer: the height of the CCD is aligned last in order to eliminate the impact of the
deformations caused by the assembly of the WBO box and baseplate. Thus, the deformations
due to the thermal effects, approximately 25μm, remain a sensitivity constraint on the
instrument.

38

The temperature stability is of decisive importance for the spectroscopic stability of the instrument. The
Herschel service module guarantees 1K/hour stability for the WBO.
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8.2

Impact of the WBO optical bench deformation on the WBO
performance

In Section 6.3.2 it was discussed how the focal length of the cylindrical lens affects the optical
efficiency of the WBO. Now, having information about the deformation behaviour of the
instrument caused by thermal changes, its influence on the optical efficiency can be also
investigated. The allowed maximum efficiency variation of the instrument within the
operating temperature range is specified to 3dB.
If we consider that the CCD pixel size is comparable with the image waist dimension, then a
vertical shift of the detector, caused by the deformation of the WBO baseplate, decreases the
detected light intensity on the CCD. Figure 8-1 shows two different cases of the intensity
detection of a 26μm high CCD pixel. In the upper figure, the CCD pixel is exactly centred on
the Gaussian-beam. This situation gives the best optical efficiency of the spectrometer. In the
lower figure, the CCD pixel is displaced (10μm shift) from the beam centre, which results in
efficiency degradation.

Normalized intensity

pixel height
26μm

1,0
0,8
0,6
1/e

2w (0)

0,4
0,2
0,0
-0,06

-0,04

-0,02

0,00

0,02
0,04
0,06
Beam dimension [mm]

Normalized intensity

pixel height
26μm

1,0
10μm shift
of the CCD

0,8
0,6

1/e

2w (0)

0,4
0,2
0,0
-0,06

-0,04

-0,02

0,00

0,02
0,04
0,06
Beam dimension [mm]

Figure 8-1 Efficiency change of the WBO through the mechanical deformation of its
baseplate. The focal length of the cylindrical lens is 100mm, corresponding to a
waist of 32.8μm at the image plane.
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The detected intensity is generally given by:
I=

b

1
w0 π

∫e

−

x2
w02

(8.1)

dx ,

a

where a and b are the pixel edge positions relative to the optical axis, i.e. the maximum
intensity of the Gaussian beam. Figure 8-2 shows the efficiency losses up to 65μm
displacement of the CCD.

Efficiency loss [%]

It is also investigated, whether increasing the spot size on the CCD, by means of shorter focal
length of the cylindrical lens, improves the positioning sensitivity of the CCD. This
simultaneously means reduction of optical efficiency, but the question is whether there is any
trade-off. The efficiency change of the spectrometer in case of 80 and 90mm cylindrical lenses
is depicted also in Figure 8-2. Note, the array-AOSs built for ground applications so far have
80mm cylindrical lenses. This means an optical efficiency degradation of 4.5dB relative to the
100mm lens, if the CCD is perfectly aligned.

100
80mm cylindrical lens
90mm cylindrical lens
100mm cylindrical lens

90
80
70
60
50
40
30
20
10
0
0

5

10

15

20

25

30

35

40

45

50

55

60

65

Off-axis CCD position [μm]

Figure 8-2 Efficiency change versus off-axis position of the CCD pixel applying a 100mm,
90mm, and 80mm cylindrical lens. The intensity distribution of the focal spot is
assumed to be Gaussian.
The result of the calculation shows that applying neither an 80 nor a 90mm cylindrical lens
improves the positioning sensitivity of the instrument. These lenses introduce larger
efficiency decrease than the 100mm lens does at any deformation level. Thus, the decision is
taken to apply the 100mm cylindrical lens and have the instrument perform at its maximum
efficiency.
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8.3

Resonance analysis of the WBO

The Herschel satellite is going to be launched with the Ariane 5 launcher. During the start and
transfer to the orbit, the payload must withstand strong vibrations [2]. From this reason, the
HIFI WBO has to undergo a detailed resonance analysis. The design of the WBO housing is
similar to the SWAS AOS housing, which successfully went through the qualification process
[25]. Because of this similarity between the two housings, and in order to spare time and costs
of the FEA (Finite Element Analysis), an early resonance test of the WBO housing is
accomplished. According to the resonance requirement of the WBO design, the
eigenfrequency of the instrument must be above 140Hz [40].

8.3.1

Vibration measurement system

The principle of the resonance frequency search is to vibrate the test object at different
frequencies and discover its resonances. The experiment is carried out with the RMS
Regulation and Measurement Technique Dynamic Test Systems [70]. The measurement
equipment is capable of performing: sine-sweeps; random vibrations; resonance-search; and
shock tests. The block diagram of the measurement system is illustrated in Figure 8-3.

Figure 8-3 Block diagram of the vibrator system [70]. 1. Control PC, 2. Test Manager PC
(SWR 900), 3. Performance amplifier (TGA 3005), 4. Vibration exciter (SW 3007),
5. Piezoelectric accelerometer, 6. Preamplifier, 7. Test object
The test object (7) is mounted on the vibration shaker (4), which is controlled by the sine
generator (3). The sine generator is commanded by the instrument computer (2) that allows of
tuning the exciting frequency and amplitude. The vibration response of the test object is
measured by means of piezoelectric accelerometers (5) and their signals are amplified by the
preamplifiers (6). Finally, the output signals are analysed by a spectrum analyser card of the
instrument PC and printed on the screen of the control computer.
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8.3.2

Resonance search of the WBO housing assembled with dummy
loads

2
Acceleration [m/s ]

In order to check the resonance characteristics of the fully assembled spectrometer, a
measurement is performed with the WBO housing assembled with physical dummy loads.
The loads have the identical mass and interfaces as the real parts of the instrument. The
measured resonances are illustrated in Figure 8-4.
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Figure 8-4 Resonance of the WBO box assembled with dummy loads of the modules
The main resonance lies at 686Hz and 692Hz, and the small difference between the measuring
channels originates from the different degree of stiffness of the support structure. Below
600Hz, there was not any resonance detected.
During the qualification phase of the WBS, an additional resonance analysis was carried out
at DLR 39 in Berlin. The vibration facility investigated resonances not only in the z, but in the
x, y directions too. The sensors were mounted onto the WBO box [8] and not on the more
mechanically stable baseplate, thus the resonance frequencies lie lower than measured above,
between 500-550Hz. Nevertheless, both of the measurements show the excellent resonance
properties of the instrument at low frequencies. Table 8-2 Summary table of the resonance
search measurement summarizes the results of the resonance frequency analysis done with the
WBO.

39
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Test object

Resonance frequency [Hz]

WBO baseplate

z axis

496.6

WBO housing (baseplate mounted
with the box)

z axis

731.1

HIFI WBO

z axis

685.5

HIFI WBO-QM measured at DLR [7]

x axis
y axis
z axis

668
490 40
517

SWAS AOS [25]

z axis

350 41

SWAS AOS calculated results [25]

x axis
y axis
z axis

689
572
547

Table 8-2 Summary table of the resonance search measurement
It can be concluded that the resonance frequency specification of ≤140Hz for the WBO is
fully satisfied without any doubt.

40

The value does not reflect the eigenfrequencies of the WBO measured on the baseplate, since the sensor was
mounted on the mechanically weak sidewall of the WBO box.
41
During the resonance tests the envelopes of the sidewalls that stiffen the housing were not mounted. This
results in the measured relatively low resonance frequency.
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9 Laser tests
For the HIFI WBO unit, semiconductor lasers are selected due to their low weight and low
power consumption. Among the large variety of laser diodes, there are only a very few that
provide the required single mode performance at adequate output power level. The
characteristics of the Hitachi made HL7851G multi-quantum well GaAlAs laser diode is
excellent. Its single mode behaviour is excellent, and at 785nm wavelength it has sufficient
output power (50mW) to drive the 4 Bragg channels with acceptable light power. These laser
diodes have very high reliability, which has been demonstrated in several KOSMA AOSs,
and they are successfully operating on SWAS and Odin, and they are also used for the
SMILES 42 instrument. During the SWAS program it has been proven that these diodes have
good wavelength, optical output power and mode stability, and mode jumps occur only once
in the 5-15°C operating temperature range of the spectrometer [49].
Usually, the output power of a laser diode is regulated by feedback through the monitor diode.
However, this kind of regulation plays an important role in the lifetime degradation of the
laser. The effect can be explained by the regulating principal of the monitor diode: it
maintains a constant output power while with ageing the laser power continuously decreases,
therefore the laser current must be continuously increased. This results in an accelerated
ageing or even an early failure of the diode. From this reason, in WBO the monitor diode of
the laser is only used for monitoring the optical output power.
Other alternatives to stabilize the output laser power are to drive the diode with stabilized
current or voltage power supplies. The two different types result in different stability
performance of the laser, thus different spectroscopic stability of the instrument.
In Section 9.2 it is shown that applying a stabilized voltage power supply guarantees more
stable laser intensity over the 10 degree temperature range, when a serial resistor is connected
to the laser. In order to compare the performance differences of a laser attained by using the
two different power supplies, the following optical performance experiments were carried out
with the laser diodes that are selected from the batch of the HIFI flight lasers:
–
–
–
–

42

optical output power at different laser current versus temperature,
wavelength variation versus temperature (mode hop behaviour),
wavelength hysteresis analysis due to thermal drifts, and
optical output power and wavelength stability at stabilized temperature.

Submillimeter Limb-Emission Sounder
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9.1 Laser power stability attained with constant current supply

Output laser power [mW]

The optical output power of the laser diode strongly depends on the laser temperature. This is
caused by the temperature dependence of the junction voltage of the laser. Figure 9-1 shows
the typical characteristics of the optical output power versus temperature at 100mA stabilized
laser drive current (nominal value).
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Figure 9-1 Output laser power versus temperature with stabilized current supply
The laser current is stabilized by a commercial laser power supply made by Thorlabs, Inc.
(ITC8000) [87], and the temperature of the laser diode is controlled by a water chiller. In
order to simulate the real thermal environment of the laser unit on the spacecraft, the
temperature of the laser is changed from 10-30°C in 0.25°C steps. This temperature range is
calculated considering the following thermal conditions: the thermal operating range of the
WBO is provided by the temperature of the SVM plate, which is 5-15°C. But, the laser
temperature is expected to be 5.5°C higher than the WBO baseplate (due to the poor thermal
conductivity of the titanium laser housing), and 11°C higher than the SVM baseplate (due to
the thermal isolation by the stainless steel spherical washers underneath the three feet of the
WBO) [81].
The output power versus temperature is essentially linear, besides small power steps caused
by mode jumps (cf. Figure 9-5). The average power variation, as a function of the laser drive
current, is summarized in Table 9-1.

9.2 Laser power stability attained with constant voltage supply
The strong temperature dependence of the output laser power can be significantly reduced by
using a constant voltage power supply and a resistor connected in serial with the laser diode.
However, the characteristics of the junction voltage must be known for the optimization, but
these can be calculated from the output power measurement taken with the stabilized current
power supply as follows. The optical output power (Popt) linearly scales with temperature,
consequently, the consumed electrical power (Pe), which is well known from the U-I
characteristics of the diode, is also linear
Pe (T ) = κPopt (T ) = κPopt (1 + γT ) ,
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(9.1)

9.2 Laser power stability attained with constant voltage supply
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where γ is the slope of the linear optical output function and κ is a power scaling factor
according to the electrical power measurement. Electrically, the laser diode can be substituted
with a capacitor and resistor connected serially (Rl). The capacitor models the temperature
dependence of the junction voltage (Uj), while the resistor, which is assumed as temperature
independent one, describes the internal resistance of the laser diode (typically 3.8Ω). From
this model and (9.1), the function of the junction voltage versus temperature can be calculated

U j (T ) =

Pe (T )
− Rl I = U j (1 + αT ) ,
I

(9.2)

where α denotes the linear thermal coefficient of the junction voltage. The consumed
electrical power of the laser diode using the stabilized voltage power supply and the series
resistor can be expressed by

[

]

(9.3)

.

(9.4)

Pe (T , R s ) = U j (T ) + I (T )Rl I (T ) ,

where the laser current is determined by
I (T ) =

U 0 (Rs ) − U j (T )
Rs + Rl

The necessary voltage of the power supply (U0), as a function of the serial resistor, is
determined by the required laser light power. But, this can be also expressed by using the
results of the laser power measurement performed with the stabilized current power supply at
a suitable operating temperature of 20°C
U 0 (R s ) = U j (T = 20) + I c (Rs + Rl ) ,

(9.5)

where Ic is the value of the constant current. Substituting (9.4) and (9.5) into (9.3), and
∂P (T , Rs )
= 0 ) results in the
considering the power changes that must be minimized ( e
∂T
following quadratic function of the serial resistor, Rs

[

]

[

]

I c Rs2 + U j (T = 20 ) − 2U j (T ) Rs − U j (T = 20 ) + I c Rl Rl = 0 .

(9.6)

Using the data of a laser diode selected from the batch of the flight diodes, the expression of
(9.6) can be solved at 20°C, the middle of the laser operation temperature range (15-25°C).
This results in 16.4Ω for the serial resistor. Applying this resistor the power change can be
reduced to practically zero, as shown in Figure 9-2. Nevertheless, the value of the series
resistor needed for the optical power compensation of the laser is dependent on the laser diode
itself.
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Figure 9-2 Optical output power change of the laser diode. The maximum change of the
function within the temperature range of 15-25°C is approximately 7μW.
The deviation from this optimized serial resistance value increases the power variation of the
laser. In the temperature range of 15-25°C the function of the laser output power versus
resistance of the serial resistor is depicted in Figure 9-3.

Figure 9-3 Laser output power as a function of serial resistance and temperature
During the SWAS program, good results were reached by means of a 10Ω serial resistor.
Thus, the output power measurement is performed also using the same value of resistance.
The voltage of the power supply is adjusted to become approximately the same laser output
power level. The measured data are plotted in Figure 9-4.
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Figure 9-4 Laser output power characteristics versus temperature with stabilized voltage
supply applying a 10Ω serial resistor.
The difference between the two laser supplying modes is summarized in Table 9-1.
Laser drive
current
[mA]
100

Output laser power variation with
stabilized current stabilized voltage
supply [mW/K]
supply [mW/K]
0.12

0.041

Table 9-1 Comparison table of the power variation of the laser driven with constant current
and voltage
It can be concluded that the measured values are well in correspondence with the theoretically
predicted results. Using the constant voltage power supply and serial resistor provides better
results: the output power variation of the laser is reduced by a factor of 3 at 100mA compared
to the constant current supply. Thus, the total power stability of the spectrometer is increased.
Moreover, for safety reasons the use of the stabilized voltage supply is also preferred, because
a short loss of contact at the laser (for example a bad contact of the laser connector during the
assembly phase) does not endanger the functionality of the diode, while in case of the
constant current supply the laser voltage increases resulting in an immediate damage of the
laser.

9.3 Mode hop characteristics of the laser diode
A characteristic feature of the laser is the temperature and drive current dependence of its
wavelength. The wavelength stability plays an important role in the frequency and
spectroscopic stability of the spectrometer, because the wavelength change of the laser results
in a variation of the Bragg deflection angle, i.e. detected frequency. On the other hand, it
causes a focal length change of the optical setup yielding resolution deterioration (see Section
10.14). A typical wavelength characteristic of the Hitachi laser diode applying the constant
current power supply is shown in Figure 9-5.
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Figure 9-5 Temperature dependence of the wavelength applying the constant current power
supply. The wavelength change during a mode jump is in the order of 2nm. The
wavelength variation in the mode jump free region at 100mA laser current is
0.042nm/K.
The laser temperature is slowly increased from 10-30°C in 0.25°C steps and the laser
wavelength is monitored by means of a grating spectrograph (ETA-SB, wavelength resolution
of 0.06nm). In the 15-25°C operating temperature range of the laser diode the wavelength
variation is about 2nm and a mode jump occurs only once (the repeatability of the
measurement was proven).
The same measurement is accomplished with the constant voltage power supply, in order
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Figure 9-6 Wavelength characteristics of the Hitachi laser diode using a stabilized voltage
power supply. In case of a mode hop the wavelength change is typically about
2nm. The average wavelength change in the mode jump free region at 100mA
laser current is 0.044nm/K.
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to compare the impact of the two different power supplies on the wavelength change. The
wavelength versus temperature function is depicted in Figure 9-6.
With the stabilized voltage power supply the mode jumps shift towards lower temperatures
with increasing output power, while at lower output power levels (80mA) mode jumps occur
less frequently. This is an unusual behaviour and conclusions are very tentative because of
low number statistics. In the operating temperature range, the wavelength variation is
approximately 4nm (at the 100mA nominal drive current) and mode jumps occur twice.
Principally, the wavelength variation as a function of the laser operating temperature is quite
similar for both supply methods, therefore, from the wavelength variation point of view both
power supplies are appropriate. Actually, the mode jump property of the laser, i.e. the Bragg
deflection angle change, is a tolerable effect. It can be corrected by occasional frequency
calibration of the spectrometer.

9.4 Investigation of the wavelength hysteresis
In case of a mode hop, it is important to verify that there is no oscillation between two or
more modes, because it immediately results in resolution, frequency stability and frequency
calibration degradation of the spectrometer. For other types of laser diodes advertised as
single mode lasers (Toshiba, Sharp, etc.), it is well known [48] that during a mode oscillation
there are more modes present. These modes compete with each other, which is very
undesirable. Such behaviour immediately destroys the resolution of the WBO spectrometer.
From this reason, the mode oscillation property of the Hitachi HL7851G laser diodes had to
be carefully investigated. During the experiment the laser temperature is slowly increased
from 10-30°C then decreased again to 10°C, and every 0.25°C the laser wavelength is
monitored by the grating spectrometer. The measurement is performed with the two different
supply methods, and Figure 9-7 shows the wavelength of the laser current at 100mA as a
function of temperature.
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Figure 9-7 Wavelength measurement at increasing and decreasing temperature at different
laser powers with constant current (left) and voltage (right) power supplies.
The measurement shows that mode jumps have a large hysteresis in wavelength in both cases,
therefore mode oscillations at a given temperature are very improbable.
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Since the temperature stability of the SVM is expected to be less than 1K/hour and the
thermal isolation of the WBO is quite good, the wavelength and power stability of the laser is
adequate on the timescale of the astronomical observations. From the required frequency
accuracy of 100kHz, estimates can be made for how frequently a frequency calibration should
be done due to the wavelength changes of the laser. The results of the thermal model show
that a frequency calibration of the instrument should occur if the temperature change of the
SVM is more than 0.2K. Thus, a realistic frequency of the calibration is expected to be a few
times per day.

9.5 Output power and wavelength stability of the laser at stabilized
temperature
At stabilized temperatures the laser light intensity and wavelength may vary in different ways
depending on the supply methods. Therefore, a measurement was taken in thermal
equilibrium, where the laser power and wavelength were monitored over a long time period.
Figure 9-8 shows the intensity of the same laser diode driven with two different types of
power supplies versus time at 20°C stabilized operating temperature and approximately at the
same 120mA laser current.
Constant current supply
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Figure 9-8 Output power stability of the Hitachi laser diode supplied by stabilized current
and voltage. In order to guarantee the thermal equilibrium needed for the stability
measurement, the laser diode was operated for 1 day before the measurement was
taken.
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In the measured data, the stability of the measurement system is also included. Performing a
relative measurement is not possible, because the stability of the system without signal
intensity (dark current) is not reliable. It can be concluded, that within the time scale of one
hour, there is no recognizable difference between the two different types of laser supplies; the
peak-to-valley power variation is <10μW (0.03% of the output power). The measured laser
power stability is much better than the power stability of the whole instrument, which is
dominated by efficiency changes caused by mechanical deformations. Thus, both power
supplies provide appropriate power stability for the instrument.
Within the measurement accuracy (0.06nm), the measured laser wavelengths are constant in
both supplying cases: 784,85nm and 784,89nm, respectively.

9.6 Lifetime statistics
In order to guarantee the long-life and safe operation of the WBS during the mission, the laser
diodes must undergo a space qualification process. The qualification procedure was done by
KOSMA and the following properties of the selected 50 diodes were tested:
–
–
–
–
–

electrical and optical characterization,
thermal cycling,
leak and bubble test,
burn-in, and
accelerated life time test.

The results of the accelerated life test indicate an average output laser power reduction of 30%
at 70ºC and 18% at 50ºC after 3000hours at the reduced optical power of 40mW [24], [93].
From these data the average lifetime of a laser diode can be approximated by using the
statistical law of
Pout (t ) = Po e − t / τ ,

(9.7)

where
Pout – is the output power of the laser after operation time of t,
P0 – is the output power of a new laser, and
– is the average lifetime of the laser.
τ
The average lifetime of the lasers was calculated to be 8411hours (0.96year) at 70ºC and
15117 (1.73year) at 50ºC. The operation temperature of the laser is about 20ºC, therefore the
average lifetime is longer than at 50ºC, for instance. The relationship between the temperature
of the laser diode and the estimated lifetime can be derived by using the Arrhenius formula
[67], [26]

t = C⋅e

Ea
k BT

,

(9.8)

where
Ea – is the activation energy,
kB – is the Boltzmann constant ( 8.6 ⋅ 10 -5 eV / K ), and
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T – is the temperature of the diode in K.
From the ratio of the calculated average lifetimes at known temperatures

t1 e Ea / kBT1
=
,
t 2 e Ea / kBT2

(9.9)

the activation energy can be expressed as
Ea =

ln(t1 / t 2 )
⎡ 1
1 ⎤
−
⎢
⎥
⎣ k B T1 k B T2 ⎦

= 0.28eV .

(9.10)

The average lifetime of the lasers at 20ºC can be determined from the lifetime measured at
50ºC and from the activation energy by using (9.9). The calculation results in approximately
4.8 years. The probability that one laser diode fails within 2 years of operation is

η f (t ) = 1 − e(−t /τ ) = 34% .

(9.11)

During the mission the two spectrometers are operating simultaneously, thus the probability
that one of the WBO fails within 2 years is η 2f , about 12%. The probability that the main and
redundant lasers in both spectrometers fail is η 4f , about 1%, but this is a worst case
approximation, because the operation time of the redundant laser is less than 2 years. The
lifetime test of the flight lasers clearly shows the WBO has high reliability.

9.7 Laser light feedback from the collimating optics
The power and frequency stability of the laser diode is adversely affected by optical feedback
effects, which is mainly coming from reflections of optics behind the laser. To achieve a
stable operation of the laser used for HIFI the optical surfaces have to be antireflection coated,
especially the surfaces of the collimating optics, and the shape of the lens curvatures must be
carefully optimized for minimum feedback. The most important aspects are that the distance
between the laser and collimating optics is possibly large and there is no focused reflection
from the surfaces of the optics.
The detailed calculation of the laser feedback can be found in Appendix E. In Table 9-2 the
feedback level of commercial (made by Melles Griot) and special (developed for the WBO by
Galileo Avionica) collimating optics are compared taking into account the elliptical shape of
the laser beam. The computation gives details about the reflected power levels if one, two or
three reflecting lens surfaces are considered. The feedback power level is calculated in dB,
furthermore the reflection coefficient of 0.02 of the antireflection-coated glass is assumed.
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Type of
collimating optics

Number of reflecting surfaces of
collimating optics
1
2
3

Melles Griot
Galileo Avionica

-62.73dB
-66.52dB

-62.08dB
-65.9dB

-60.70dB
-64.91dB

Table 9-2 Comparison table for power feedback of the laser diode in case of two different
type of collimating optics in rotational symmetric and elliptical case
The design of the two collimating optics can be seen in Figure 9-9.

Laser

Figure 9-9 Two different types of collimator designs. The Melles Griot optics is a commercial
one and the Galileo optics is evaluated for HIFI.
Conspicuously, the first lens in the Melles Griot optics has two plane surfaces, which alone
should give better results, but the distance to the laser is much less than in case of the Galileo
optics, and there is a focused reflection from the third surface of the Melles Griot optics as
well (R3=6.95mm, d3=6.56mm). The Galileo design does not produce any focused reflections
at all and the laser-collimator distance is also chosen adequately large. However, the results
show that both of the optics are fairly well constructed for low feedback operation. The
heritage of the SWAS experience provides us a reliable rule of thumb for the minimum power
coupling level of -60dB so both of them guarantee a feedback below this level.
If we consider the glass window of the laser diode in the calculation the power feedback
would be -53.5dB with the Galileo optics. The laser glass window is antireflection coated,
where 0.02 is assumed for the reflection coefficient. The calculation also shows that in this
sense, the collimating optics plays only a minor role in the feedback effect.
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10 Performance tests of the WBO
This chapter summarizes the results of the versatile performance tests carried out with the
WBS qualification model. These results are direct measure of the opto-mechanical design and
adjustment quality. The optical design guarantees the perfect imaging of the signal light
intensity onto the detector array performing the demanded efficiency and resolution of the
instrument. Further on, the mechanical design of the single components and the housing
contributes to the stability feature of the spectrometer. Without a careful adjustment and
fixing of the modules the required high performance of the WBS would have not been
achieved.

10.1 Zero level of the detector

Intensity [% of saturation]

The even and odd channels of the CCD detector are separately driven. Consequently, they
have different offset levels due to the slightly different functioning of the drive electronics.
The resulting offsets can be seen in the spectrum, as shown in Figure 10-1.
Band 1

10

Band 2

Band 3

Band 4

9

0

1000

2000

3000

4000

5000

6000

7000

8000

CCD pixel

Figure 10-1 Zero level (dark current) of the CCD. The average of 256 scans is plotted over
the 4GHz bandwidth.
The average count of the zero levels is approximately 10% of the saturation level. The
difference between the dark current level of the even and odd pixels is 2-4 counts (except
band 3), which is well within the specified 1% of the saturation level. At band 3, optimisation
of the even-odd offset is needed on the analogue circuits of the CCD, as is done during the
flight hardware fabrication. In order to reduce differential non-linearity effects of the
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analogue-digital converters, a sawtooth-function is applied during the readout of the CCD.
The amplitude of the saw is 6% of the saturation level and its period is 256 scans (2560ms).

10.2 Light scatter
Light scatter plays an important role in the stability of the spectrometer, therefore its level
must be held as low as possible. In the WBO, the most scattered light is produced in the
Bragg cell due to crystal imperfections and reflections from the surfaces of the deflector’s
mounting, especially on the transducer side. Nevertheless, the polarization switching property
of the deflector gives the possibility to use a crossed polarizer in front and behind of the
Bragg cell. This reduces the zero order light intensity, and the significantly suppresses the
depolarized scattered light.
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Figure 10-2 Light scatter level of the WBO (single readout) applying the two lasers
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The peak light scatter level is smaller than 1% of the saturation level, which meets the
specification.

10.3 IF zero level
The zero level of the whole backend system can be characterized by connecting the IF unit to
the spectrometer without applying any input signal (zero switch ON) and using the maximum
attenuation of the instrument. The measured spectra, depicted in Figure 10-3, correspond to
the bandshape of the single bands of the WBO and the IF unit. The IF zero level is well within
the allowed maximum noise temperature of the IF unit of 300K.
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Figure 10-3 IF zero level of the four bands of the WBO. The saturation level is 1024 counts

10.4 Bandpass of the WBO
The frequency bandpass of the WBO sub-bands can be measured either with an external
synthesizer, where sharp frequency lines are applied to the input of the WBO in discrete steps
(50MHz), or with the internal comb generator of the WBE unit. The advantage of the
synthesizer is that symmetric response of the frequency channels (the intensities of the
neighbouring pixels are symmetric to the maximum intensity pixel) can be adjusted, which
makes it to precisely characterize the bandshape of the instrument. The measurement
performed with the main laser is shown in Figure 10-4.
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Figure 10-4 Frequency bandshape of the WBO's sub-bands measured with an external
synthesizer. The gain variation between the sub-bands is measured to be 1.7dB,
slightly worse than specified.
During the adjustment of the spectrometer, the achieved performance of the sub-bands is a
compromise of efficiency, resolution, and bandpass ripple between the bands due to the beam
tolerances of the laser source unit. For instance, the beam spacing is slightly different from the
acoustic zone spacing of the Bragg cell, which results in different illumination of the deflector
and therefore different bandshape of the bands. The tolerances of the source unit are rather
large in the case of the qualification model; consequently, the required bandpass performance
does not meet the specification in all cases. Even the internal sub-band equalizers cannot
always improve the bandshape of the WBO channels, since they do not exactly match the
bandshape attained with alignment (c.f. summary Table 10-1).

Sub-band 1
Main laser

2.2

Bandpass ripple [dB]
Sub-band 2 Sub-band 3
1.7

4.6

Sub-band 4
3.2

Table 10-1 Bandpass ripple of the WBO sub-bands measured with a synthesizer
The bandpass ripple of the qualification model is within the specified 3dB value; only the
bands 3 and 4 are above this limit, but they will be improved during the flight hardware
production.
In orbit, the only possibility to check the bandpass of the WBO is to use the internal comb
generator. Nevertheless, the measurement accuracy is not as high as achieved with the
synthesiser, because the comb lines cannot be shifted to obtain symmetrically illuminated
pixels, and therefore the intensity response of the frequency channels results in a smaller
value. The bandpass ripple calculated from the maximum counts of the comb lines (see Figure
10-9) is summarized in Table 10-2.
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Sub-band 1
Main laser
Redundant laser

Bandpass ripple [dB]
Sub-band 2 Sub-band 3

1.4
1.3

1.4
1.1

2.2
2.1

Sub-band 4
2.6
3.0

Table 10-2 Bandpass ripple of the WBO sub-bands measured with the comb generator

10.5 Power linearity
The total power non-linearity of the spectrometer introduces baseline distortions in the
measured spectra. To characterize the linearity of the instrument a noise source is connected
to the input of the WBS. The output power level of the noise source is changed by using the
attenuators of the WBE, and is measured by an RF power meter that is connected to the RF
test port of the noise source. The output of all frequency pixels is averaged then plotted versus
output power of the noise source, as seen in Figure 10-5.
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Figure 10-5 Total power linearity of the WBO
The total power non-linearity as a residual plot of the linear fit subtracted from the measured
data is depicted in Figure 10-6. The power linearity is given in percentage relative to the
saturation level of the instrument.
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Figure 10-6 Residual plot of the total power non-linearity relative to the saturation level of
the CCD
The non-linearity of the instrument scaled to the saturation level of the CCD is in the order of
±0.5%, which is well within the specification (±1%). The irregular behaviour at 2μW IF
power is probably caused by the automatic measurement range switch of the power meter.

10.6 Frequency non-linearity

Frequency non-linearity [kHz]

The frequency non-linearity can be calculated using the bandpass measurement done with the
synthesizer. From the number of the valid frequency pixels, the frequency range, and the pixel
number of the balanced frequency channel, the frequency non-linearity of the spectrometer
without frequency calibration can be evaluated. The measured data is shown in Figure 10-7.
400

200

0

-200

-400

-600
1600

1800

2000

2200

2400

2600

Frequency [MHz]

Figure 10-7 Typical frequency non-linearity of a WBO sub-band. The ±1 pixel corresponds to
about ±0.7MHz frequency non-linearity.

10.7 Frequency calibration
The frequency calibration of the WBO is performed by means of the comb generator. The
spacing of the lines is 100MHz±0.1MHz, which provides a frequency calibration accuracy of
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better than ±0.1MHz. If a broadband spectrum is needed the data is necessary to be resampled (actually this means a few percent resolution loss). The co-added spectrum of the
comb measurements are shown in Figure 10-8 and.Figure 10-9
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Figure 10-8 Comb signals measured with the main laser
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Figure 10-9 Comb signals measured with the redundant laser. In the spectrum, the frequency
bandpass of the WBO sub-bands can also be recognized.
The comb lines are also useful to determine in orbit the frequency resolution, line profile, and
bandpass of the WBO, as mentioned above.

10.8 Frequency resolution
The frequency resolution of the spectrometer is mainly determined by the frequency
resolution of the Bragg cell (c.f. Section 4.3), but diffraction and aberration effects, the finite
pixel size of the CCD, and the almost Nyquist sampling method also contribute to the
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maximum achievable resolution. The response of frequency channel of the instrument is not
rectangular (ideal case), but Gaussian at the centre and Lorentzian-like at the wings, due the
Gaussian distributed deflected light and lens aberration effects introduced by the optics. A
reasonable definition of the frequency resolution of acousto-optical spectrometers is defined
by the resolution bandwidth
∞

Bres =

∫ P(υ )dυ
0

Pmax

(10.1)

,

where P(υ ) is the response of a frequency channel. The resolution bandwidth expresses the
width of an equivalent filter having the same maximum response, which transmits the same
average power of white noise. The definition above exactly describes the real frequency
resolution of the instrument, as it contains the side-lobes of the filter function of the frequency
channels. For the WBO, the filter curves measured at the band ends and in the middle of the
band for all four bands are plotted in Figure 10-10.
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Figure 10-10 Frequency resolution of the WBO sub-bands attained with the main (left) and
redundant (right) lasers. The average resolution bandwidth measured with the
main laser is 1.05MHz (fluctuation bandwidth is 1.64MHz); while with the
redundant laser, it is about 5% worse.
The frequency resolution of the instrument is within the specification of 1.1MHz in all cases
with the main laser, and in some cases, it is slightly above with the redundant laser.
In orbit, the frequency resolution can not be verified with the method described above, since
there is no synthesizer available onboard the satellite. Thus, the resolution is calculated from
the comb measurement using a simple Gaussian fit on the comb lines. The results of the
resolution are of course less accurate, but can provide a good comparison database for future
performance verification tests done with the instrument. The FWHM dimension of the filter
curve is about 10% smaller than the resolution bandwidth. The average frequency resolution
over the bands is approximately 1.0MHz.

10.9 Noise performance
10.9.1 Stability
In order to be able to observe weak signals of radio astronomical sources, like interstellar
molecular clouds, long integration times are necessary during the measurements. In case of
white noise, the radiometric noise decrease according to the radiometer equation with the
square root of integration time, and therefore the signal-to-noise ratio increases. The
maximum integration time of the spectrometer, when noise contributions of the instrument
become dominant, can be determined by the Allan variance method [1]. Actually, for
characterization of stabilities of heterodyne receivers equipped with spectrometer backends
there are two commonly used methods of computing the Allan variance. The spectroscopic
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Allan variance, which describes instabilities deviating from common gain variations across
the entire band, uses only one or two statistically independent frequency channels. In case of a
spectroscopic Allan variance measurement the variance σ A2 of the mean value of
continuously measured data are plotted versus various integration times tint on double
logarithmic scale. To measure only the drifts that are different for the individual frequency
channels of the instrument, the variance of difference of two arbitrarily chosen channels S1
and S2 is determined [69]

σ A2 (t int ) =

1
(S 0 (i ) − S 0 (i )
2

)

2

,

(10.2)

where
⎡ 1 ⎛ S1 (i ) S 2 (i ) ⎞ ⎤ S1 + S 2
⎜
⎟ + 1⎥
.
S 0 (i ) = ⎢
−
⎜
⎟
2
S
S
2 ⎠
⎣⎢ 2 ⎝ 1
⎦⎥

(10.3)

The channel distance is chosen adequately large to ensure that their signals are not correlated.
However, the result of stability depends on the selection of the two channels, and therefore
does not properly characterize the complete instrument.
In order to simulate real astronomical observations, where the detected signals in all channels
are equally important, e.g. in frequency surveys of rich emission spectra with hundreds of
lines per spectrum, the statistical behaviour of the complete baselines of 1GHz (sub-bands)
and 4GHz (co-added broadband) bandwidths of the instrument are investigated. During the
baseline measurement the variance of all frequency channels, the Allan baseline variance, is
computed using different integration times [65]. Since the counts in the measured spectrum
strongly depend on the bandpass of the device, a normalization of the baseline statistics is
needed. This is realized by the calibration scheme of (Sig-Ref)/(Ref-Zero), where Sig, Ref and
Zero denote the signal, reference and zero measurements of a simulated astronomical
observation, respectively. The baseline stability measurements of the WBO accomplished at
10% and 50% illumination of the saturation level are depicted in Figure 10-11 and Figure
10-12 respectively. For the simulated astronomical measurement, the signal of a temperature
stabilized noise source is applied to the input of the spectrometer.
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Figure 10-11 Allan baseline stability measurement performed at 10% illumination level. The
Allan minimum time is about 100 seconds for all bands.
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Figure 10-12 Allan baseline analysis done at 50% illumination level. The Allan minimum
times of the WBO sub-bands are measured to be approximately 300 seconds.
The baseline stability of the total 4 GHz bandwidth is slightly worse than the
stability of the single bands.
For pure white noise, the plot of the Allan baseline variance versus time decreases with the
slope of -1. Due to increasing drift noises of the spectrometer, the slope increases as well and
finally it turns to positive. The minimum of the plot determines the time (Allan minimum
time), when the white noise becomes equal to the drift noises of the instrument. Hence, the
Allan minimum time is a good measure of instrument stabilities. In practice, the integration
time during a measurement should be always less than the Alan time in order not to affect the
measurement results by drift noises.
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In case of lower illumination levels, the noise of the spectrometer becomes dominating and
the stability of the instrument decreases. For integration times larger than the Allan minimum
time the noise fluctuations corresponds to scattered light dominated noise contribution, which
is needed to be improved for the flight models. At larger illumination levels platforming effect
is visible in the Allan plot, the Allan minimum time for the total 4GHz bandwidth is smaller
than for the sub-bands.
The stability requirement for the instruments of Herschel is very high because of the large
mass and slow movement of the telescope. For calibration reasons the telescope is slewed
between the signal and reference positions. During this movement the instruments of the
receiver system should remain stable. The time needed for switching between the two
positions is the dead time of the measurement. With increasing integration time per positions
the relative dead time becomes less. One of the most efficient way of observing is using the
chop mechanism of the telescope. It provides fast switching between two positions of the sky
and therefore results in a small dead time and less stability constraint during an observation
[74]. For satellite projects, it is essential to use the observatory in the most efficient way
because of the enormous costs of observing time. Thus, the optimization of observing modes
is of decisive importance [66].

10.9.2 Noise fluctuation bandwidth – noise dynamic range
The noise fluctuation bandwidth of an acousto-optical spectrometer can be determined from
the filter curve measurement (c.f. Eq. 7.45) as well as from the Allan baseline stability
measurement. In the Allan plot, considering the range where the slope of the baseline variance
is -1, i.e. the radiometer equation exactly describes the behaviour of the radiometric noise, the
noise fluctuation bandwidth can be calculated by substituting the measured variance, the
integration time of T, and the mean square of the measured signal into
B fl =

S (T )

2

σ A2 (T ) ⋅ T

.

(10.4)

The filter curve measurement and the Allan baseline variance should provide the same value
for the fluctuation bandwidth. Nevertheless only in that case if besides radiometric noise there
is no additional noise contribution that originates from the instrument. Since the spectrometer
produces diverse noises like CCD shot noise, readout noise of the electronics, laser speckle,
etc., the fluctuation bandwidth is always slightly different for the two measurement
procedures. The theoretically expected difference of fluctuation bandwidth at 50% CCD
illumination level is in the order of 2.8%, according to the expressions of (7.49), (7.50), the
performance data of the CCD (dark current, full well capacity, etc.), and the average
fluctuation bandwidth of 1.65MHz of the filter curve measurements. Figure 10-13 shows a
calibrated baseline taken from the Allan baseline stability measurement. The input signal
correspond to 50% illumination level of the CCD after 5 seconds integration time, and the
noise fluctuation bandwidth related to the 4GHz bandwidth is calculated to be (without
linearity correction done per software) 1.68MHz.
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Figure 10-13 Typical baseline after 5 seconds integration time at an average illumination
level of 50%. The corresponding noise fluctuation bandwidth is 1.68 MHz.
The measured noise fluctuation bandwidth is larger than the theoretically expected value,
which can be explained by the small fluctuation bandwidth calculated from the filter curve
measurement. There the large extended “wings” of the filter function are probably not taken
into account, i.e. the frequency range of the measurement is set improperly. Nevertheless, the
measured noise performance of the instrument is better than specified. The estimated noise
dynamic range calculated from the peak-to-peak noise amplitude of a calibrated baseline scan
is in the order of >10dB.

10.10 Thermal vacuum performance
The thermal interface of the WBS guarantees the thermal stability of the instrument. The
interface temperature changes between 5-15°C, within which the performance of the unit
should not change. The thermal environment of the device is simulated in a thermal vacuum
chamber. The temperature is changed between 5°C and 15°C in 5 degree steps, and in thermal
equilibrium the bandpass of the sub-bands is measured by using an external synthesizer. The
bandpass curves applying the main and redundant lasers are plotted Figure 10-14 in and
Figure 10-15.
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Figure 10-14 Bandpass of the sub-bands measured with the main laser at different temperatures
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Figure 10-15 Bandpass of the sub-bands measured with the redundant laser at different
temperatures
It can be established that in the operation temperature range the bandshape of the sub-bands
does not significantly change. The maximum efficiency variation is 3dB with the main and
2dB with the redundant laser. This is caused by the vertical illumination error of the Bragg
cell (errors of beam spacing of the source unit) and the CCD. The optimal operation
temperature for all bands (smallest efficiency change) is 10°C with the main laser and 5°C
with the other.
The bandpass measurement uses the balanced illumination of the CCD pixels. From the
measured data the frequency resolution can be also determined by Gauss fitting the lines. This
method is of course not as precise as the filter curve measurement, but provides comparable
results. The FWHM dimension of the line is approximately 10% smaller than the resolution
bandwidth. The measured frequency resolution is shown in Figure 10-16 and Figure 10-17.
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Figure 10-16 Resolution of the sub-bands measured with the main laser at different temperatures
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Figure 10-17 Resolution of the sub-bands measured with the redundant laser at different
temperatures
The maximum resolution change within the operation temperature range is about 5% in case
of the main laser and nearly 10% with the redundant laser. The small change of resolution is
attained by the temperature compensated design of the laser housing; moreover, the focus
position change of the imaging optics caused by wavelength change of the laser is well
compensated by the thermal expansion of the WBO baseplate and laser mounting (see Section
10.14). The irregular behaviour at 10°C can be explained by a mode jump of the laser which
corresponds to about 5% resolution degradation.

10.11 Vacuum correction
The alignment of the WBO is performed in air, therefore the focus position of the optical
system is located in a different plane in vacuum. Consequently, the focal length change must
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be taken into consideration during the adjustment procedure of the instrument. An additional
difficulty is that at the source unit, the refractive index change results in not only a different
focal length, but accompanies an interdistance change of the four output beams, since the inand output angles of the beam splitter are also affected.
The refractive index of air at ambient temperature for average humidity at 785nm is
n=1.000276887. Applying the refractive index difference and using the quasi-optical beam
propagation description, the calculated focus position shifts and beam dimension changes at
the Bragg cell and at the CCD are summarized in Table 10-3. During the calculation, the
waist size attained from the diffraction calculation is used for the horizontal waist dimension
at the CCD ( w ≈ 18 μm or B fl = 1.071MHz ⇔ 24.43μm)
Beam interdistance change
Waist size change at the Bragg
cell (horizontal direction)
Waist size change at the Bragg
cell (vertical direction)
Focus shift of the source unit
Waist size change at the CCD
(horizontal direction)
Focus shift at CCD (horizontal)
Waist size change at the CCD
(vertical direction)
Focus shift at the CCD (vertical)

±3μm
-31μm
2μm
-1.66mm
2.8μm
-0.753mm
1.4μm
-1.86mm

Table 10-3 Calculated focal length and beam dimension changes in vacuum compared to the
evaluated values in air. The horizontal waist size at the CCD, which defines the
resolution of the spectrometer, is degraded by about 15%.
Theoretically, the focal length of the complete optical system in vacuum is shortened by about
750μm, which makes significant change in the resolution of the instrument. Thus, during the
flight hardware alignment performed in air an additional spacer is inserted into the CCD
holder, which compensates the focal length variation between air and vacuum. The required
thickness of the spacer might different from the theoretically expected value, because
alignment errors of the WBO components result in additional performance degradation, which
can be compensated for by the positioning the CCD. After the final adjustment, the spacer is
removed. Principally, this action should not change the alignment quality, since every part of
the CCD module is tightly pinned together and to the WBO baseplate.

10.12 Vacuum-air performance
The refractive index difference of air and vacuum has impact on the performance of the
WBO. In case of the qualification model of the WBO, the performance in vacuum is slightly
worse because the instrument is optimized for operation in air. The main intention of the test
is to verify the necessary alignment changes needed during the flight model production. The
measured frequency bandpass and resolution in vacuum and air are shown in Figure 10-18 −
Figure 10-21.
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Figure 10-18 Bandpass measured with the main laser in air (black) and vacuum (red)
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Figure 10-19 Bandpass measured with the redundant laser in air (black) and vacuum (red)
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Figure 10-20 Resolution measured with the main laser in air (black) and vacuum (red)
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Figure 10-21 Resolution measured with the redundant laser in air (black) and vacuum (red)
The vacuum performance of the instrument shows an average efficiency and resolution
degradation of about 10%. This also means the vacuum correction is unavoidable and a shift
of the CCD of approximately 500μm is appropriate. The difference between the theoretically
expected focal length change and the measured value can be explained by the not exactly
perfect adjustment of the optical setup.
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10.13 Bragg cell heating effect
In case of continuum offset measurements of a galactic centre or calibration of the
spectrometer for instance, there are large power changes of the IF signal present at the Bragg
cell. The intensity difference of the input signals originates from the different temperatures of
the source and reference objects, or the hot and cold loads needed for the power calibration of
the instrument. Since the IF signal is absorbed in the Bragg cell, its power effectively heats up
the crystal, changing its thermal condition. The small temperature drifts result in small density
and refractive index changes in the acoustic material. These effects are also visible in the
spectra and therefore contribute to the degradation of the stability of the WBS.
In order to characterize the Bragg cell heating effect and the duration of time until the thermal
equilibrium is reached again after calibration, the following measurement was carried out. A
white noise-source (4-8GHz) is connected to the temperature-stabilised spectrometer. The
output power level of the noise-source is chosen to avoid saturating the spectrometer (Signal
level), then the IF power is reduced by 3dB (Reference signal). A sequence of spectra is taken
with the WBS just after the power of the noise-source is reduced from the Signal level to the
Reference level, applying an integration time of about 4 seconds. After the measurement
period of approximately 120 seconds, the spectra are evaluated by using the standard baseline
Sig − Ref
, where the last measurement is considered as the reference
calibration scheme of
Ref
signal in the calibration formula. The plot of the baseline scans versus frequency at different
times after the Signal is turned off is shown in Figure 10-22.

Figure 10-22 Bragg cell heating effect studied with the development model of the WBO. The
baseline distortion of the four sub-bands is produced by the IF signal that
heats the acoustic crystal due to absorption effects. The power variation of the
input signal is 3dB, and the applied integration time is 4 seconds.
The measurement performed with the development model (DM) of the WBO shows a
detectable baseline distortion during the first period of integration, and still a recognizable
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effect 12 seconds after the Signal is turned off. The strong heating effect of the WBO DM is a
direct consequence of the not efficiency optimized design of the instrument. There the
spectrometer uses an optical phase grating as beam divider, moreover the laser light deflected
from the over-illuminated acoustic zone is not focused in the vertical direction onto the CCD
detector. Thus, to attain a detectable signal light intensity, more IF power is needed that
results in baseline distortions and stability deterioration. Additional concern is that after a
calibration measurement, where the power difference between hot and cold load is in the
order of 3dB, typically a 20 second wait is needed to achieve the thermal equilibrium of the
Bragg cell. This unavoidable dead time would be rather undesired for the very limited and
costly observation time of the Herschel satellite.
The qualification and flight models of the WBO employ the unique design of the prism beam
splitter and the efficiency optimized imaging optics. As a consequence, much less IF power is
needed to saturate the instrument. The total efficiency of the flight model is about 2mW, while
in case of the development model it is >10mW. Hence, the Bragg cell heating effect measured
with the qualification model is significantly smaller and therefore the dead time of the
instrument during a calibration or an observation is extensively reduced (<5s). It can be also
remarked that the dead time after calibration practically can be avoided if the calibration is
performed during the slewing of the telescope.

10.14 Resolution performance verification calculation
The resolution of the WBO is influenced by temperature changes. Due to the temperature
dependence of the laser wavelength and the thermal expansion of the different mechanical
supports, the position of the focus changes, which accompanies resolution degradation.
The collimator lenses, the cylindrical lens in front of the Bragg cell and one lens in the scan
optics are made of SF6G05, which is highly dispersive optical material. Its Abbe number of
25.3 [28] indicates the strong wavelength dependence of the refractive index43 . The focus
position dependence versus wavelength can be investigated by using the Gaussian ray
transformation law. The transformation matrix of the optical system is precisely known from
the lens design of the instrument (see Appendix D), thus the transformed horizontal beam
radius (only the horizontal focus determines the resolution of the spectrometer) can be
expressed as
2

⎛ z ⎞
⎟⎟ ,
w (λ , z ) = w (λ ) 1 + ⎜⎜ '
⎝ z R (λ ) ⎠
'

'
0

(10.5)

where w0' (λ ) is the transformed waist and z R' (λ ) is the transformed Rayleigh range.
Calculating the focus of the optical system (transformed waist position) at the nominal laser
wavelength of 785nm, the focus shift versus wavelength function can be derived. Table 10-4
shows the horizontal focal length changes relative to 785nm (operation wavelength at 25°C
laser temperature) and its effect on the resolution degradation.

43

As a comparison, BK7G18 has an Abbe number of 63.6
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Laser wavelength
[nm]

Focus shift
[μm]

Relative spot size
enlargement [%]

785
784
783
780

0
-104
-209
-526

0
5.4
20.0
94.1

Table 10-4 Relative focus shift and spot size enlargement of the WBO optical system due to
wavelength variations.
Fortunately, with decreasing temperature, the laser wavelength also decreases, resulting in a
shorter focal length. This is partly compensated by the thermal expansion of the WBO
baseplate and the laser supporting structure.
The shrinkage of the baseplate reduces the focus shift, because the CCD detector is moving
closer to the optics. The length change of the WBO baseplate due to the linear thermal
expansion can be expressed by
Δl = l 0αΔT ,

(10.6)

where l0 is the distance between the scan optics and the CCD (160mm), α is the linear
thermal expansion coefficient of the aluminium alloy baseplate made of AlMg4.5Mn0.7
(23.3·10-6 [29]), and ΔT is the temperature range in which the wavelength changes (10-20°C).
On the other hand, with decreasing temperature the distance between the laser and collimating
optics is reduced. This results in a divergent laser beam behind the collimator, which
increases the focal length of the overall imaging system (10°C corresponds to 100μm focal
length change). Using the results of the mode jump measurements, the focus shifts and their
impact on the resolution can be calculated in a similar manner as before. The results are
summarized in Table 10-5.
Laser wavelength
[nm]

Focus shift
[μm]

Relative spot
enlargement [%]

785
784
783
780

0
-35
-71
-250

0
0.6
2.5
27.5

Table 10-5 Relative focus shift and spot size enlargement of the WBO optical system due to
wavelength variations, when the linear thermal expansion of the WBO baseplate
and laser support is taken into account.
In the thermal operating range of WBO, the wavelength change is typically in the order of
2nm. The introduced focus position change is almost completely compensated by the thermal
expansion of the parts mentioned above in the range of 0-2nm. Note, that the effect can be
even more reduced if the adjustment is carried out at the middle of the operating temperature
range (15°C at WBO baseplate), as is done at the qualification model of the WBO. In this
case the resolution variation becomes symmetric (±0.6%) over the whole range. The
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experimentally observed resolution change is slightly larger than the theoretically expected
value, because the temperature variation results not only in focal length change, yet
accompanies relative beam height changes at the CCD. This influences the efficiency as well
as the resolution of the instrument. In addition, within a small temperature range irregular
mode jumps of the laser cause step like resolution degradation that cannot be compensated by
the smoothly changing thermal expansion of the parts.
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The acousto-optical technique of signal processing has proven to be a good alternative for
space applications. The acousto-optical Wide Bandwidth Spectrometer developed for the
Herschel satellite mission is an instrument that provides unprecedented high resolution, large
bandwidth, high stability, and exceptionally good efficiency. All of these characteristics are
essential for making astronomical observations on space-borne missions. The results of the
performance test of the spectrometer carried out after the space qualification procedure have
demonstrated that the instrument is highly reliable and meets the strict design specifications.
A summary of the specifications and the performance results of the WBS qualification model
is given in Table 1.
The special design of the prism-based beam splitter has achieved an unprecedented optical
efficiency, which is of crucial importance for processing weak signals. The tight tolerances on
the angles and positions of the Bragg cell illuminating beams require that the prisms be
manufactured with high precision. Nevertheless, only the sophisticated assembly procedure
developed for this work has made it possible to obtain a properly functioning beam splitter.
Furthermore, the optical system optimization increases the efficiency of the instrument and
allows the maximum resolution. Special care is devoted to achieving high spectroscopic
stability, which demands careful mechanical and electrical design. The investigation of the
laser diodes demonstrated that they will operate stably and reliably during the mission. In
addition, the space-qualified instrument has a compact design and low weight, and it
consumes little power.
The results of the theoretical investigation of diffraction at the Bragg cell aperture have shown
the maximum attainable frequency resolution. Moreover, the comparison with the
experimentally measured values indicates the spectrometer has been perfectly adjusted. The
analysis of the laser wavefront aberration unambiguously points out the necessity for the laser
beam to be well-collimated to ensure the high resolution of the instrument.
The recent development of array receivers has stimulated a demand for array spectrometers.
In principal, acousto-optical signal processing makes it possible to arrange eight or even more
channels in a single crystal, radically reducing the complexity of the system and
simultaneously improving its reliability. With additional signal processing, these multichannel spectrometers can be used as either array or hybrid devices, resulting in a large
bandwidth (8-10GHz) instrument. The latest experiments based on high density acoustooptical materials like rutile and using currently available short wavelength lasers are
promising. The prototype of such a large bandwidth acousto-optical spectrometer is being
built at KOSMA [64]. The bandwidth of the instrument is 3GHz, and the frequency resolution
is about 1MHz. In addition, spectrometers based on rutile Bragg cells can be constructed as
array systems (4, 8, 16 channel) that can be used as hybrid instruments, resulting in ultra-large
bandwidth (10-20GHz) array acousto-optical spectrometers.
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Item

Specification

Measurement

Total Bandwidth

4000MHz

4000MHz

Frequency Pixel Spacing

≈ 0.55MHz (Nyquist
Sampling)

0.57MHz

Number of Frequency Pixels

81921

81761

Pixel Resolution Bandwidth

≈1.1MHz2

1.05MHz3

Pixel Noise Fluctuation
Bandwidth

≈1.6MHz2

1.68MHz4

Sub-band Gain Variation

< 3dB

< 3dB3

Allan Variance Minimum
Time (at temperature
variations <1 K/hour)

≥ 200s @ 50%
illumination
≥ 100s @ 10%
illumination

300s @ 50%
illumination
≈ 100s @ 10%
illumination

Comb Generator Spacing
(for frequency calibration)

100MHz

100±0.1MHz

Frequency Accuracy

≤ 0.1MHz

< 0.1MHz

Frequency Nonlinearity

≤ ±1MHz
≤ ±0.1MHz5

±0.7MHz
< ±0.1MHz5

Power Nonlinearity

≤ 1%

≤ 1%

Noise Dynamic Range6

>10dB

>107dB

Efficiency

> 97% @ 50%
illumination

> 97% @ 50%
illumination

Spurious Line Signals

< 1% of the
saturation level

< 0.5% of the
saturation level

Crosstalk Between Bands

<30dB

<35dB

Weight (WBO)

7kg

5.51 kg

Power consumption (WBS)

31.5W

27W8

≈

Table 1 Summary table of the performance data
1)
2)
3)
4)
5)
6)
7)
8)
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≈ 7450 (spec.) and 7017 (measured) after data processing in the ICC
After data processing in the ICC
Average value
50% illumination over 4GHz bandwidth
After resampling
Input power range with less than 1dB increase of radiometric noise
Estimated from one scan of the Allan baseline stability measurement
Only one laser on
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The Allan baseline stability measurements clearly show that the stability of the spectrometer
is dominated by light scatter of the laser. Despite the application of polarization filters, slit
apertures, and spatial filters, there is significant noise contribution from the scattered light and
laser speckle. To suppress speckles effectively and thus provide better spectroscopic stability,
further theoretical and experimental investigations are needed in this field.
The model that describes the aperture of the Bragg cell in the diffraction calculation can be
improved: the dimension of the ultrasound wave can be described more rigorously, and higher
diffraction orders of the acoustic wave can also be taken into account. In the theoretical
description of diffraction, higher orders of wavefront aberrations could be considered as well,
which would allow a more detailed study of the resolution bandwidth function. As the
alignment procedure of the instrument demonstrated, the correction of diverse wavefront
errors is possible. Thus, a detailed theoretical analysis of this phenomenon should be
explored.
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Appendix A
Acousto-optic materials
Index of
Refraction
for Optical
Mode
λ = 633 nm
Fused silica
(SiO2)
Dense flint glass
(SF-59)
LiNbO3
TeO2

TiO2 44
GaP
TiO2
PbMoO4

H2O
λ = 1150nm
As2S3 glass
Tl3AsS4
λ = 10600nm
Ge
Te

Acoustic Mode
and Velocity
(105 cm/sec)

Figure of Merit,
M2 (10-18s3/g)

Acoustic
Attenuation at
500 MHz
(dB/µsec)

1.46-⊥

longitudinal

5.96

1.56

1.95-

long.

3.26

19

2.20-

long. [100]
shear [100]
long. [001]
shear [110]
long. [100]
shear [100]
long. [110]
shear [100]
long. [100]
long. [001]

6.57
3.60
4.26
0.617
N.A.
N.A.
6.32
4.13
8.03
3.66

0.03

long.

1.5

7.0
13.0
34.5
793
N.A.
N.A.
44.6
24.1
3.9
36.1
36.3
126

2.462.63-

long.
long. [001]

2.6
2.15

347
510

1.7
0.3

4.004.00-arb.
4.80-

long. [111]
shear [100]
long. [100]

5.50
4.13
2.2

840
290
4400

1.4
0.7
6

2.27-⊥
2.272.73123.0588-⊥
3.313.31-arb.
2.58-[010]
2.39-⊥
2.261.33-arb.

1.8

1.6
73
N.A.
N.A.
0.6
0.11
1.4
90

Table A-1 Acousto-optic materials and properties at room temperature [31], [21], [22],
[90], [18], [84], [6].
The figure of merit (M2) varies with wavelength and temperature, since the refractive index
and density of the material are also functions of such (see. Eq. (4.17)). The symbols of and
⊥ indicate the optical polarization directions with respect to acoustic-wave propagation
direction.

44

Measured at 488nm wavelength by [4].

143

Appendix B
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Appendix B
Normalization of Gaussian beams in cylindrical coordinate system.
The intensity of a Gaussian beam in cylindrical coordinate system is defined by
~

∫∫ E (r , ϕ , z )

2

rdrdϕ = 1 .

(B.1)

The normalization factor, N can be calculated by the following integral
2π

N

2

∞

∫ dϕ ∫ re
0

−

2r 2
w2

dr = 2πN

∞

2

0

∫ re

−

2r 2
w2

dr =

πw2

0

2

N 2 = 1,

(B.2)

2
. The amplitude of the Gaussian distributed electromagnetic field is then
πw2
expressed by

thus N =

⎛

k r2 ⎞

r2

⎟−
− i ⎜⎜ kz + Φ 0 ( z )+
2
~
2 R ( z ) ⎟⎠ w 2 ( z )
⎝
E (r , ϕ , z ) =
e
.
πw 2 ( z )

(B.3)

Normalization of Gaussian beams in Descartes coordinate system.
The intensity normalization in rectangular coordinate system is given by
∞

N x2 N y2 ∫ e

−

2 x2
wx2

−∞

∞

dx ∫ e

−

2 y2
w 2y

(B.4)

dy = 1 .

−∞

The evaluation of the integral results in
N x2 N y2

2π w y

2π wx
2

2

(B.5)

= 1,

which determines the normalization factors of

Nx =

2

π wx

, Ny =

2

π wy

, and N = N x N y =

2
.
πwx w y

(B.6)

The normalized amplitude of the electromagnetic field then yields
~
E ( x, y , z ) =
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2
e
πwx ( z )w y ( z )

0
⎛
Φ0 ( z ) Φ y ( z ) k x2
k y 2 ⎞⎟
x2
y2
− 2
− 2
− i ⎜ kz + x
+
+
+
⎟
⎜
2
2
2 Rx ( z ) 2 R y ( z ) wx ( z ) w y ( z )
⎠
⎝

.

(B.7)
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Appendix C
Dimensions of Gaussian beams
The amplitude distribution of a Gaussian beam is given by:

E ( x ) = E0e

−

x2
w02

(C.1)

,
+∞

where w0 is the beam waist and E0 is the normalized amplitude (

∫ E(x)

2

dx = 1 ). The

−∞

intensity is the square of the amplitude that is measured by a detector

I ( x ) = I 0e

−2

x2
w02

.

(C.2)

The function of the normalized Gaussian intensity is depicted in Figure C-1.
I(x)
I0

0.6

I 0 /2

w0FWHM = 2ln2w0

0.4

w0

HWHM

I 0 /e

w01/e

w01/e=

2
w0
2

0.2

I 0/e2

w0
x

Figure C-1 Normalized Gaussian function
The natural dimension of a Gaussian beam is defined by the waist (beam radius, x=w0), where
the amplitude falls to 1/e of the maximum amplitude (E0) or the intensity falls to 1/e2 of the
maximum intensity
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E0 e

−

w02
w02

=

E0
.
e

(C.3)

In practice, the dimension of a Gaussian beam is often given with the Full Width at Half
Maximum (FWHM) intensity contour. This means a beam diameter where the intensity is half
of the maximum intensity
( 2 x )2

−2
2
I0
= I 0 e (2 w0 ) .
2

(C.4)

At this position the beam diameter (full width) can be expressed with the Gaussian waist

2 x = w0FWHM = 2 ln 2w0 .
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Appendix D
Lens prescription data of the laser source unit
(Designed by [27])
System Aperture:

Object Space NA = 0.238752

SURFACE DATA SUMMARY

Surface Type

Comment

Radius

Thickness

OBJ
STO
2
3
4
5
6
7
8
9
10
11
12
13
14
15
IMA

Laser diode
Hitachi HL7851 G

Infinity

0.0021026
0.005148
2.294926
1.5
1
2.5
.59
2.5
6.293
3
100.121
0
0
0
0.5
29.39283

STANDARD
PARAX_XY
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
TOROIDAL
STANDARD
COORDBRK
NONSEQCO
STANDARD
STANDARD
STANDARD
STANDARD

Collimation optics
F=8mm

Cyl. lens 148mm
Beam splitter
Polfilter

Infinity
-6.93
-57.6
-7.52
-5.1
69.22
-11.82
116.5
Infinity
Infinity
Infinity
Infinity
Infinity

Focal Plane

Glass

SF6G05
SF6G05
SF6G05
SF6G05

BK7

Diameter
0
0.0010339
0.003565297
5
8.2
6.652
8.2
11
11
3.896
3.896
4.259
20
6.15
6.15
10

INDEX OF REFRACTION DATA

Glass

Temp

Pres

785nm

SF6G05 20.00
BK7
20.00

1.00
1.00

1.78903345
1.51107956

THERMAL COEFFICIENT OF EXPANSION DATA

Glass

TCE *10E-6

SF6G05 7.8
BK7
7.1
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Appendix E
Laser light feedback calculation
For rough estimates, it is sufficient to investigate the reflection from the first surface of the
collimator, but in order to have a more appropriate description, reflections from the first three
surfaces are also considered. The simple optical system, that describes the effect in case of
one reflecting surface, can be modelled as shown in Figure E-1.

Figure E-1 Laser light feedback from the first surface of the collimating optics
The imaging law of a simple spherical mirror is given by [9]
1
1
2
+
=− ,
s s+δ
R

(E.1)

where s is the object distance i.e. the position of the diode, s+δ is the image distance referring
to the position of the transformed beam waist, and R is the radius of the sphere. If R<0 then it
is about a collecting mirror, otherwise it is a scattering one. For positioning the laser diode,
there are two possible cases depending on the object distances. If s<R/2 then the object lies
between the focus and the mirror and the image is virtual. In this case, the imaging law takes
the form of
1 2 1
= − < 0.
k R t

(E.2)

In the other case if s>R/2, the image is real and equation (8.12) describes the imaging
properly. The paraxial beam transformation matrix of the laser beam, that describes the laser
light propagation from the laser chip to the spherical mirror then the reflected light on the
same way back to laser, can be expressed by T
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⎡1 s ⎤ ⎡ 1
T=⎢
⎥⋅⎢ 2
⎣0 1⎦ ⎢⎣ − R

s ⎞⎤
⎛
2 s⎜ 1 − ⎟ ⎥
R ⎠⎥ .
⎝
2s ⎥
1−
R ⎦⎥

⎡ 2s
0⎤ ⎡1 s ⎤ ⎢1 −
R
⎥⋅
=
1⎥ ⎢⎣0 1⎥⎦ ⎢ 2
⎢ −
⎦
⎣⎢ R

(E.3)

In this case, only one reflecting lens surface is taken into consideration. The constant of s
represents the distance between the laser and the collimator i.e. the spherical mirror.
Substituting the components of the transformation matrix into the expression of (6.5), the
transformed beam parameter can be calculated. Considering only the waist transformation, the
real part of the complex beam parameter represents the distance between the object and image
beam waist.
⎞
⎛
⎟
⎜
⎟
⎜
2
1
⎛
⎞
.
ℜ{q~ ' ( z )} = ⎜ s − ⎟⎜ 1 −
2
2 ⎟
R ⎠⎜
⎝
2
s
⎛ 2z R ⎞
⎛
⎞
⎜
⎟ + ⎜ 1 − ⎟ ⎟⎟
⎜
R⎠ ⎠
⎝
⎝ R ⎠
⎝

(E.4)

The imaginary part of the beam parameter describes the transformed confocal distance that
can be expressed as
zR

ℑ{q~ ' ( z )} = z R' =

2

2s ⎞
⎛ 2zR ⎞
⎛
⎜
⎟ + ⎜1 − ⎟
R⎠
⎝
⎝ R ⎠

2

,

(E.5)

from which we can determine the required 1/e contour of amplitude of the transformed beam
waist by applying eq. (6.4)
w' (δ ) =

w0
2

⎛ 2 z R ⎞ ⎛ 2s ⎞
⎜
⎟ + ⎜1 − ⎟
R⎠
⎝ R ⎠ ⎝

2

.

(E.6)

Now having the exact description of the laser beam propagation, the laser coupling caused by
the collimator can be derived.
The feedback phenomena can be described by evaluating the overlap integral of the initial
laser- and from the optics reflected electromagnetic field at the location of the laser. In
principally the laser diodes always have astigmatism, which is in the order of a few microns
[92]. This will result an asymmetric beam intensity distribution in the beam cross section. For
the appropriate simulation of the laser beam propagation, it is necessary to have the nonsymmetrical description of the electromagnetic field. Thus, the normalized laser
electromagnetic field in Descartes-coordinate system is given by
~
E L ( x, y , z ) =

⎛
⎜

− i kz +
⎜
2
e ⎝
πw x ( z )w y ( z )

0
Φ 0x ( z ) Φ y ( z ) k x 2
k y 2 ⎞⎟
x2
y2
−
−
+
+
+
2
2
2 Rx ( z ) 2 R y ( z ) ⎟ wx2 ( z ) w 2y ( z )
⎠

,

(E.7)
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where the laser waist size w x , y ( z ) , according to the Gaussian quasioptical beam propagation
description, can be expressed as

w

2
x, y

(z ) = w

2
0 x, y

⎡ ⎛ z
⎢1 + ⎜
⎢ ⎜⎝ z Rx , y
⎣

⎞
⎟
⎟
⎠

2

⎤
⎥.
⎥
⎦

(E.8)

The beam waist radius is given by

Rx, y ( z ) = z +

2
z Rx
,y

z

(E.9)

,

and the Guoy-phase shift

⎛ z
Φ 0 x , y ( z ) = arctg ⎜
⎜z
⎝ Rx , y

⎞
⎟.
⎟
⎠

(E.10)

In a manner similar to the laser beam, the reflected beam can be written as
~
E R ( x, y , z ') =

⎛
⎜

− i kz ' +
⎜
2
e ⎝
πw x ( z ')w y ( z ')

0
Φ 0x ( z ' ) Φ y ( z ' ) k x 2
k y 2 ⎞⎟
x2
y2
+
+
+
−
−
2
2
2 Rx ( z ' ) 2 R y ( z ' ) ⎟ wx' 2 ( z ' ) w 'y2 ( z ' )
⎠

.

(E.11)

The field of the Gaussian functions forms a complete, ortho-normed system; therefore, the
reflected beam can be expanded with the linear combination of its eigenfunctions

~
~
~
~
ER = a0 EL(0, 0 ) (x, y, z0 ) + a1EL(1,0 ) (x, y, z0 ) + a2 EL(0,1) ( x, y, z0 ) + ... ,

(E.12)

~
where E L(0,0 ) ( x, y, z 0 ) is the TEM00 modus of the laser electromagnetic field in the z = 0
~
position, E L(1,0 ) ( x, y, z 0 ) is the TEM10, etc. The laser diode has excellent single mode
performance so that it is sufficient to use the first term approximation. The coupling
coefficient a~0 can then be calculated with the overlap integral of the complex conjugated
incident- and reflected electromagnetic fields
a~0 =

+∞ +∞

~ *( 0, 0 )

∫ ∫E

L

( x, y,0 )E~R(0,0 ) ( x, y,−δ )dxdy .

(E.13)

− ∞− ∞

where we used the δ = z − z ' = z 0 x − z 0' x ≅ z 0 y − z 0' y parameterisation during the coordinate
transformation. The magnitude of δ represents the distance between the image and the
incident laser beam waist, which is considered to be equal for the horizontal and vertical
directions. Substituting the electromagnetic field components into the expression of the
coupling coefficient as well as using the following parameterization

β = − kδ −
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Φ 0x (δ ) Φ y (δ )
,
−
2
2
0

(E.14)
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α~ =

8

π

1

1
e −i β ,
wx (0 )wy (0)

wx' (δ )w'y (δ )
1

ξx =

w (0 )
2
x

1

ξy =

w (0)
2
y

1

+

w (δ )

+

w (δ )

'2
x

1

'2
y

(E.15)

,

(E.16)

,

(E.17)

ηx =

k
,
2 Rx ' (δ )

(E.18)

ηy =

k
,
2 Ry ' (δ )

(E.19)

the integral expression of (E.13) can be written in the form of
+∞

+∞

−∞

−∞

2
− y 2 (ξy + iη y )
a~0 = α~ ∫ e − x (ξ x + iη x ) dx ∫ e
dy .

(E.20)

These types of integrals can be solved by means of the Γ-functions [11]
∞

∫e
0

− x 2 (ξ x + iη x )

dx =

Γ(1 / 2)
π
.
=
2 ξ x + i η x 2 ξ x + iη x

(E.21)

Gathering all the expressions into the formula and separating the equations for x and y
components the coupling coefficient can be expressed with the following expression
a~0 = a~0 x a~0 y ,

wx' (δ )
wx (0)

iβ

−
a~0 x = 2e 2

(E.22)

wx'2 (δ )
δ
+i '
1+ 2
wx (0)
z Rx

,

(E.23)

.

(E.24)

w 'y (δ )
w y (0)

iβ

−
a~0 y = 2e 2

1+

w 'y2 (δ )
w y2 (0)

+i

δ
'
z Ry

The coupling coefficient as a function of the distance of the two waists has a maximum if δ is
equal to zero. This would mean that the width of the transformed waist is equal to the initial
beam waist, so the beam is reflected into the laser itself. In this case the first surface of the
collimator would act for the laser diode as a low reflecting, focusing mirror. This would of
course endanger its stability.
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Since the intensity is the most commonly used characterizing parameter of the laser light, it is
important to determine the power coupling, which is the product of the absolute squares of the
amplitudes of the coupling coefficients

2

α = a0 x a0 y

2

w x' (δ )
2
w x (0 )

=

2

⎛ δ
⎛
w (δ ) ⎞
⎜1 +
⎟ +⎜ '
⎜z
⎜
⎟
w (0) ⎠
⎝ Rx
⎝
'2
x
2
x

2

⎞
⎟
⎟
⎠

2

w 'y (δ )
w y (0)

⎛
⎛
w (δ ) ⎞
⎜1 +
⎟ +⎜ δ
2
⎜
⎜ z'
w y (0 ) ⎟⎠
⎝
⎝ Ry
2

'2
y

⎞
⎟
⎟
⎠

2

.

(E.25)

In case of arbitrary number of reflecting surfaces the reflected laser power, that the laser itself
perceives, can now generally be written as

[

]

Pcoupled = P0 r α 0 + (1 − r )α1 + (1 − r ) α 2 + ... + (1 − r ) α i + ... ,
2

i

(E.26)

P0 – is the laser power,
r – is the reflection coefficient of the antireflexion coated glass, and
α0, α1, αi – are the power coupling coefficients concerning the lens surfaces.
The following example shows how the third order transformation matrix looks like if we
consider the third lens surface as reflecting. Otherwise, the coupling calculation remains the
same as described above.
1
⎡ A B ⎤ ⎡1 s1 ⎤ ⎡ n − n
⎢
1
2
=
⋅
T=⎢
⎥ ⎢
⎥
⎣C D ⎦ ⎣0 1 ⎦ ⎢⎣ − n1 R1
1
⎡1 s 3 ⎤ ⎡ n − n
⎢
⋅⎢
⋅
1
2
⎥
⎣0 1 ⎦ ⎢⎣ n1 R2

0⎤
⎡ 1
n2 ⎥ ⋅ ⎡1 s 2 ⎤ ⋅ ⎢ n2 − n1
⎢
⎥
n1 ⎥⎦ ⎣0 1 ⎦ ⎢⎣ − n2 R2
0⎤
⎡ 1
n2 ⎥ ⋅ ⎡1 s 2 ⎤ ⋅ ⎢ n2 − n1
⎢
⎥
n1 ⎥⎦ ⎣0 1 ⎦ ⎢⎣ n2 R1

0⎤
⎡ 1
n1 ⎥ ⋅ ⎡1 s 3 ⎤ ⋅ ⎢ 2
⎢
⎥ −
n2 ⎥⎦ ⎣0 1 ⎦ ⎢⎣ R3
0⎤
n1 ⎥ ⋅ ⎡1 s1 ⎤ .
⎢
⎥
n2 ⎥⎦ ⎣0 1 ⎦

0⎤
⎥
1⎥ ⋅
⎦

The distances between the diode and the surfaces are s1, s2, and s3, the radii of curvatures are
R1, R2, R3 as shown in Figure E-2. The air and the glass material have a refractive index of n1
and n2 respectively.
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Refl. beamwaist
Laser beamwaist
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Figure E-2 Laser light feedback from the third surface of the collimating optics
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