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Abstract
The development of a new instrument is presented in the this thesis. It will serve
as a perspective prototype able to estimate the performance of their applications
for practical measurements in astronomical spectroscopy covering from visible
to near infrared range. A very obvious advantage of this arrangement is the relative schematic simplicity due to the absence of any large aperture components.
Another important advantage, is the possibility of change the spectral range and
the resolution using only one dispersing element, that will increase the efficiency
of the observing time.
The system is a prototype of the triple product processor and it produce the
folded spectrum, accumulating advantages of both space and time integrating.
Separately, the space integrating gives a wide frequency bandwidth together
with relatively low frequency resolution, while the time integration provides a
high resolution for spectrum components accompained by comparably narrow
frequency bandwidth. The processor is able to provide really high frequency
resolution, with a wide frequency bandwidth.
The main attention is paid to the time-bandwidth product, because just this
parameter can be taken as the most general one for the characterization of performance data inherent in each individual cell. Both the theoretical estimations
and the experimental data obtained for a large-aperture acousto-optical cell
based on a tellurium dioxide crystal, exploiting the anomalous light scattering,
gives the time-bandwidth product equal to about 4000.
The problem of optimizing the profile for the incident light beam has been studied. The need light-beam apodization, supressing side lobes within registration
of each individual resolvable spot and increasing the dynamic range, can be realized using a multi-prism beam expander. It has been shown that the dynamic
range of about 40 dB in an optical system can be achieved.
9
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Resumen
En esta tesis se presenta el prototipo de un nuevo instrumento. Este nos dar
una perspectiva para estimar el rendimiento en aplicaciones para espectroscopía
astronómica cubriendo un rango desde el visible hasta el cercano infrarojo. Las
ventajas de este arreglo esquematico son la relativa simplicidad debido a la
ausencia de componentes de mucha apertura y la posibilidad de cambiar el rango
espectral y la resolución uando solo un elemento dispersivo que incrementará la
eficiencia en el tiempo de observación.
El sistema es un prototipo del procesador de triple producto que acumula las
ventajas de la integración tiempo y espacio. Por separado, la integración en
el espacio proveé de un amplio ancho de banda en la frequencia pero relativamente baja resolución. Mientras que la integración en el tiempo proveé una alta
resolución para componentes del espectro acompaado con un estrecho ancho de
banda. Este procesador es capaz de proveer una alta resolución con un amplio
ancho de banda.
Se presta mayor atención al producto tiempo-ancho de banda, puesto que este
parámetro puede nos habla del rendimiento inherente de cada celda. Se estudian
los régimenes de dispersión de la luz normal o anómala. Tanto las estimaciones
teóricas como experimentales muestran que los datos obtenidos para una celda
acusto-optica de dióxido de telurio de gran apertura en el régimen de dispersión
de la luz anómala dan un producto tiempo-ancho de banda igual a 4000.
Se estudia el problema de optimización del perfil del haz de luz incidente. La
necesidad de apodizar el haz incidente de luz, suprimiendo los lóbulos secundarios
sin registrar cada punto que se puede resolver y además incrementar el rango
dinámico, se puede obtener utilizando un expansor de múltiples prismas. Se
muestra que se puede alcanzar un rango dinámico de alrededor de 40 dB en un
sistema óptico.
11
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Introduction
For the first time in Mexico to our knowledge, its presented the development of a new instrument,
called Acousto-Optical spectrometer. It will serve as a perspective prototype able to estimate the
performance of their applications for practical measurements in astronomical spectroscopy. A
very obvious advantage of this arrangement is the relative schematic simplicity due to the absence
of any large aperture components and lens in the optical arrangement. Another important
advantage, is the possibility of change the spectral range and the reosolution using only one
dispersing element, that will increase the efficiency of the observing time. This can be used in
the near future to design compact and reliable devices for diverse astronomical applications at
Guillermo Haro Astrophysical Observatory.
A two-dimensional arrangement makes it possible to carry out a large amount of parallel operations and, in so doing, to realize potentially ultra-high productivity of computations. Two dimensional input devices can operate with patterns consisting of about 106 resolvable spots, while the
space-bandwidth product of one-dimensional input devices cannot exceed about 103 − 104 .
It is very usual that in the same observing night we need to change the setup, resulting in a
waste of significant time due to the necessary adjustment in the spectrograph. For example, in
some specific project the goal is to understand the mechanism that relates the GR variations
to properties of the radio emitting plasma and to investigate how does the broad line region
emission responses to GR emission variations. There is an interest in study the blazars mainly,
to study the emission lines Hβ(4861Ȧ) and Hα (6563Ȧ). The combined data will be used to
explore the connection between the jet, broad line region and GR emission in blazers. It will
compared the optical (continuum and line) and GR Light curves to the changes of the flux density
of individual features identified in the parsec-scale radio emission. This will allow to determine
whether the dominant source of seed photons for inverse Compton is located in the vicinity of the
black hole or it is produced by the synchrotron radiation produced within the jet. Actually, the
observations are being developed with the Boller and Chivens (B &Ch) spectrograph attached
to the Guillermo Haro Astrophysical Observatory (OAGH) 2.1m telescope (Cananea, Sonora)
to perform low (FWHM'15Ȧ) and intermediate resolution (FWHM'5Ȧ) spectroscopy near the
Hβ and Hα emission lines. This will be achieved with the 150 l/mm and 300 l/mm (Blue &
Red) gratings. Each observing run is divided in three parts, obtaining spectral data in the range
4000Ȧ - 7000Ȧ (grating 150 l/mm), around Hβ in the range 4000Ȧ - 5600Ȧ (grating 300 1/mm,
5000Ȧ) and Hα in the range 5400Ȧ - 7000Ȧ (grating 300 l/mm, 7500Ȧ) for one of each sources.
Low resolution spectroscopy will allow to study changes in the continuum emission, and with
13
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the intermediate resolution we will be able to study variations in the emission lines profiles (Hα
and Hβ).
1

Lines/mm FWHM (Ȧ) Dispersion (Ȧ/pix)
150
5000
3.2
300
5000
1.6
300
7500
1.6
600
7500
0.8
830
8000
0.3
Table 1. Details of the slit of OAGH
In astronomy, the acousto-optics spectrometers (AOS) are now commonly used for their diverse
advantages, they are widely employed in ground-based telescopes such as KOSMA, CSO, SEST,
MARS and AST/RO. In the mid-1970s, the first attempts were made to use tunable acoustooptic filter (AOTF) for astronomical spectroscopy observations at Harvard Observatory (1976)
and, subsequently, at the Royal Greenwich Observatory (1984). But the first paper that showed
a high quality of spectral acousto-optical instrumentation was published in 1991 (W. Smith and
K. Smith 1991). Acousto-optical filters (AOF) of various designs were provided by NASA.
Due to their compact size, no moving parts and their high-speed wavelength tuning AOTFs
offer advantages over traditional grating based technology. AOTF offers the ability to choose
the wavelength bands of interest. Since the center of the band pass may be tuned electronically
by adjusting the radio frequency (RF)-signal to the Bragg cell, a single component can provide
spectral filtering over a broad range of wavelengths, thus avoiding the need for multiple spectral
filters and mechanical approaches to inserting and removing filters. Spectral identification can be
accomplished by scanning a few spectral bands and a the data storage requirement for spectral
image analysis can be greatly reduced.
Another advantage is high transparency: the filter transmission at maximum can reach 80-90%,
which is unattainable for any spectrograph. Given that the AOF can operate both in scanning
mode and in discrete arbitrary spectral sampling mode, its advantages in comparison with a
spectrograph or a spectrophotometer with a dispersing element (e.g., a diffraction grating) are
obvious. In some cases is not necessary to have an image of the object. In particular, for point
sources (stars, quasars), it will suffice to simply measure the line and continuum fluxes.
Visible and near infrared will be important to space astronomy in the studies of star formation, interstellar medium planetary material around neighboring stars, and the birth and early
evolution of normal galaxies. By measuring the spectral characteristics and the polarization
properties, the concentration and size of the particles can be determined.
Space science instrumentation can be divided into two categories: orbiting and planet-based. In
the former case, imaging spectrometers will be usefull for determining the molecular constituents
of planetary atmosphere. The imaging capability will allow mapping of the atmosphere and
1

FWHM is the abbreviation of Full Width at Half Maximum
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measure concentration changes as a function of planetary weather conditions. Aeresols are of
particular interest since they are a major component of the outer planet atmospheres. By
measuring the spectral characteristics and the polarization properties, the concentration and
size of the particles can be determined. Sensing in the infrared wavelengths will allow one to
measure the thermal characteristics of planet and lunar surfaces. Another potential application
is to record surface images through opaque gases by imaging at wavelengths where spectral
window exists.
AOTF technology provides the capability of filtering white light to a narrow spectral region with
high extinction ratio via acousto-optic Bragg diffraction. Furthermore, since the center of the
bandpass may be tuned electronically by adjusting the RF signal to the Bragg cell, a single component can provide spectral filtering over a broad range of wavelengths, thus avoiding the need
for multiple spectral filters and mechanical approaches to inserting and removing filters.
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Preface
The development of a new instrument,called acousto-optical spectrometer, is presented in the
this thesis. It will serve as a perspective prototype able to estimate the performance of their
applications for practical measurements in astronomical spectroscopy. A very obvious advantage
of this arrangement is the relative schematic simplicity due to the absence of any large aperture
components and lens in the optical arrangement. Another important advantage, is the possibility
of change the spectral range and the resolution using only one dispersing element, that will
increase the efficiency of the observing time.
This can be used in the near future to design compact and reliable devices for diverse astronomical applications at Guillermo Haro Astrophysical Observatory.
The thesis is divided as followed: The introduction shows the importance of spectroscopy and
imaging in astrophysics. Also the state of art in some telescopes that use the acousto-optic
technique in their spectrometers is showed.
For the ones that are not familiar with the acousto-optic advantages, the second chapter is a
review with the main equations, the importance of the time-bandwidth product, materials and
dynamic range.
The following chapters are the work realized during this thesis. Chapter three is the arrangement
of a triple product processor including the schematical arrangement, the lens design, and the
advantages of space and time integrating processor.
Chapter four explains the best material for the time bandwidth product and the efficiency
in normal and anomalous light scattering. Finally this chapter show a small experiment to
characterize AO cell with the frequency response, and the intensity of the light of the diffracted
and incident beam.
Chapter five contains the importance of the apodization in order to increase the dynamic range
of a system up to 40 dB.
Chapter six contains the results and conclusions of the work.
Finally, chapter seven resume the future work to continue this work in the doctorate.
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Chapter 1
Motivation for AO instrumentation in
astrophysics
1.1
1.1.1

Spectroscopy
What can we learn to studying spectra

Essentially all information about astronomical objects outside and inside the solar system comes
through the study of electromagnetic radiation (light) as it reaches us. This light can contain
much detailed information which is only obtained by careful analysis. Generally speaking, one
can classify the information obtained by observing light according to the spectral resolution;
that is the degree of sensitivity to different wavelengths, to make the observation. White light is
composed of many wavelengths which are not resolved into their different colours. Monitoring
white light gives the positions of objects in the night sky. It can be used to construct maps of
stars and galaxies. It can also be used to plot the movements of heavenly bodies such as comets
through the night sky. Using instruments with low resolving power, it is possible to separate the
light arriving at Earth into broad band colours. This tells us information about temperatures.
For example, blue stars are hotter than red ones; objects that emit X-rays, such as the solar
corona, are very hot, whereas cold objects may only emit light of very long wavelengths such as
radio waves. The most detailed astrophysical information is only obtained from high-resolution
studies which involve detecting the light arriving at the Earth as a function of its component
wavelengths. This allows detailed spectroscopic features to be identified separately from broad
band features such as colour. At the highest resolution such studies not only yield the central
wavelength of any feature, often referred to as a line, but also the shape of the feature. There is
a direct relationship between these physical parameters and the astronomical information that
can be obtained by observing spectra. Thus for any line observed in an astronomical spectrum,
one can potentially use laboratory data to extract the following information: Composition,
Temperature, Abundance, Motions, Pressure, Magnetic Field, etc.
19
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Figure 1.1: Emission and absorption in a schematic three-level system.

1.1.2

The nature of spectra

All atoms have a series of discrete, quantised energy levels. A spectral line can be obtained
when a jump between two of these levels with different energies occurs with light of the correct
wavelength. This wavelength, λ, corresponds to the exact energy difference, E, between the
energy levels via the Planck relationship.
E = hν =

hc
λ

where ν is the frequency of the light and c is the speed of light. h is Planck’s constant, 6.626068×
10−34 J.s, and hν gives the energy carried by each particle of light, known as a photon. Each atom
absorbs light at a series of characteristic wavelengths. While individual transitions belonging
to different species may coincide, the whole series of lines is unique for each atom, and indeed,
every ionisation stage of each atom which distinguishes it from all others.
An atom can either absorb light, jumping to a higher-lying energy level, or emit light, dropping to
a lower energy level. (Fig.1.1) Not all transitions are equally likely; each transition is therefore
characterised not only be a precise wavelength but also by a probability of that transition
occurring.
Any level in an atom can absorb light, but it requires light of the correct wavelength from another
source to make the atom jump to a higher energy level and for the photon to be absorbed. A
typical situation where an abosrption spectra is observed comes from the atmospheres of stars,
where their core provides a continuum light source. This light source is approximately a black
body curve with the temperature of the star. Species in the photosphere of the star are observed
in absorption against this curve. Absorption in the interstellar medium against a more distant
star can also be observed given a suitable arrangement of the astronomical bodies.
In 1814, Joseph von Fraunhofer (1787-1826) used one of the high quality prisms he had manufactured to diffract a beam of sunlight, taken from a slit in his shutters, onto a whitewashed wall.
Besides the characteristic colours of the rainbow, which had been observed in this fashion since
Newton, he saw many dark lines (Fig. 1.2). he meticulously catalogued the exact wavelength of
each dark line (which are known today as Fraunhofer lines) and labelled the strongest of them

1.1. SPECTROSCOPY
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Figure 1.2: The solar spectrum as recorded by Fraunhofer [1]
with letters. Many of these labels, such as the sodium D lines are still used today. Fraunhofer
not only recorded the first astronomical spectrum, he recorded the first-ever high-resolution
spectrum. Fraunhofer’s spectrum was the first to resolve discrete line transitions. He recorded
the first-ever high-resolution. spectrum.

1.1.3

Atomic Hydrogen

Spectra of atomic hydrogen, H, are of paramount astronomical importance. This is because
approximately 90% of atomic matter by number is hydrogen. This occurs in a variety of forms:
H + of protons, H atoms, H2 molecules and indeed the molecular ions H2+ , H3+ and H − . The
spectral lines of hydrogen are prominent in a great variety of astronomical objects and are much
studied. All aspects of hydrogen spectroscopy therefore need to be considered in detail.
The spectrum of atomic hydrogen also plays an important role in the theory of quantum mechanics. Hydrogen is the simplest atom, compromising a single electron and a proton. It is the
only atom for which exact quantum mechanical solutions can be found for its energy levels and
wavefunctions.
The spectrum of the hydrogen atom comes from electrons jumping between different levels in
the atom. Given that energy levels depend only of the quantum number n, this means that
the electronic spectrum of the H atom comes from changes in n. The wavelengths, λ, for these
transitions are given by the Rydberg formula:




1
1
1
1
1
1
=
−
≡R
−
, n1 < n2 .
λ
hc n21 n22
n21 n22
Where R is the Rydberg constant R=1.097×107 m−1 Last equation was derived experimentally
for n1 = 2 by Johann Jakob Balmer as early as 1855. That is why we call the set of lines
produced by transitions En → E2 the Balmer series. These lines are in the visible part of the
spectrum. For historical reasons the Balmer lines are often denoted by symbols Hα , Hβ , Hγ etc.
If the electron returns to its ground state (En → E1 ), we get the Lyman series which is in the
ultraviolet. The other series with specific names are the Paschen series (n1 = 3), Bracket series
(n1 = 4) and Pfund series (n1 = 5).
The Balmer series are the most studied H-atom lines since they are in the visible. Indeed, Hα
emissions at 6563Ȧ can be clearly seen with the naked eye as the red light surrounding the

22
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Figure 1.3: Transitions of hydrogen atom [6]

Sun during a total eclipse. In fact, Hα and Hβ lines were labelled C and F respectively in
Fraunhofer’s solar spectrum. Stellar envelopes are fairly high density environments. This means
that the population of the different atomic energy levels is thermal and given by the Boltzman
distribution. The Saha equation gives the distribution of atoms in different stages of ionization.
This equation predicts that pure hydrogen is 50% ionized at T ' 104 K for low density. At
very low density (e.g. in the corona) need to worry whether local thermodynamic equilibrium
conditions apply.
The temperature T, varies between stars, which results in very different spectral characteristics.
Since the centre of the star generates bright radiation, spectral lines are seen in absorption.
The strength of these absorption depends on the spectral type of star. Hydrogen Balmer lines
are strongest for A0 stars which have a temperature about 10,000K. Few other transitions are
seen in these stars. Cooler stars have less population in the n=2 level of H, so the Balmer line
absorption diminishes. Indeed, in the coolest stars (T<5,000K), molecules form a little atomic
H remains. For stars significantly hotter than 10000K, H atoms become increasing ionised and
the strength of the Balmer series drops again.
This discussion illustrates a general point. Atoms lose electrons to become ions. As the envionment gets hotter, the degree of ionisation increases. Since this is essentially a thermal effect, for
every atom, there is a particular ionisation stage which is dominant at particular temperature.
At this temperature, the spectral lines of this ion will be at their strongest.

1.2. IMAGING SPECTROSCOPY

1.1.4

23

Helium spectra

Helium is the second-most abundant element after hydrogen comprising more than 25% of the
Universe’s atomic matter by weight. Helium can exist in its atomic form, He I, as singly ionised
He II, or as doubly ionised He III. He III is of course the base helium nucleus He2+ , which is
also the α particle formed during radioactive decay, and which has no spectrum. The He+ ion is
a one-electron system. It therefore has a hydrogen-like spectrum except that the binding of the
energy levels and the transition frequencies are scaled by a factor of Z2 , where for helium, Z=2.
Emission lines of He II are also observed among the recombination line series in a planetary
nebulae. However these emissions only come from the region of nebula close to the central star
where there are sufficient high-energy, ultraviolet photons to ionise He+ . Strong He I emission
are observed from nebulae including the lines: 4471Ȧ, 5875Ȧ, 6678Ȧ. The 5875Ȧ line lies in the
yellow and in absorption in the Sun spectrum.

1.1.5

Forbidden lines

When states decay for a long time on an atomic time scale, via forbidden lines, they are called
metastable state.
Forbidden lines are often difficult to study in the laboratory as collision-free conditions are
needed to observe metastable states. Astrophysically, low densities environments are common.
In these environments the time between collisions is very long and an atom in an excited state
has time to radiate even when it is metastable.
Emissions due to forbidden lines are important in hot, low density regions such as H II regions,
planetary nebulae, the solar corona and the Earth’s aurora. Observing them gives direct information on the populations of excited levels. As the transitions are weak they have low optical
depth and therefore give reliable population information.
Forbidden transitions are usually only important when an excited state cannot decay via an
allowed transition, i.e. when this state is metastable. For this reason, forbidden lines are
normally only important for low-lying states since higher states nearly always have possible
radiative decay routes via allowed transitions. For neutral atoms or those with low ionisation, this
means that forbidden transitions are often observed in the infrared. Of course, this wavelength
shifts with the level of ionisation so that forbidden lines for ions occur throughout the visible,
ultraviolet, and even at X-ray wavelengths.

1.2

Imaging Spectroscopy

Imaging spectroscopy is a new technique for obtaining a spectrum in each position of a large
array of spatial positions so that any one spectral wavelength can be used to make a recognizable
image. By analyzing the spectral features, and thus specific chemical bonds in materials, one can
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map where those bonds occur, and thus map materials. Such mapping is best done by spectral
feature analysis.
Generally the same detectors can be used for astronomical spectroscopy as those used for direct
astronomical imaging. The photographic emulsion is being replaced over the visible, near infrared
and near ultraviolet by CCD detectors. These have a much higher quantum efficiency, even at
the shorter wavelengths where fluorescent coating have to be used. For detectors such as the
CCD, which have a linear response, there is no problem in converting the detector ouput into
relative spectral intensity. For nonlinear detectors, however, such as the photographic emulsion,
a calibration curve is required to convert the signal into intensity. This curve is most usually
obtained from a photometric comparison spectrum. A calibration curve, usually called the
characteristic curve in the case of a photographic emulsion, may be obtained.
In orbiting space science instrumentation, imaging spectrometers will be useful for determining
the molecular constituents of planetary atmosphere. The imaging capability will allow mapping
of the atmosphere and measure concentration changes as a function of planetary weather conditions. Aeresols are of particular interest since they are a major component of the outer planet
atmospheres. By measuring the spectral characteristics and the polarization properties, the concentration and size of the particles can be determined. Sensing in the infrared wavelengths will
allow one to measure the thermal characteristics of planet and lunar surfaces. Another potential
application is to record surface images through opaque gases by imaging at wavelengths where
spectral window exists.

1.2.1

Integral Field (”3D”) Spectroscopy

This technique, also called 3D or IFU spectroscopy, is a still relatively new, however, wellestablished observing technique in astronomy. After a long period of introduction and protoyping, nowadays all major ground-based observatories do offer 3D spectrographs in the visible and
near-infrared wavelength regions.

1.3

State of Art in telescopes with acousto-optics

High spectral resolution at visible and infrared wavelengths can provide information in spectral
lines and velocity resolved data on the milliarcosecond and sub-milliarcosecond scale. This enables completely new observational approaches to many open problems regarding the physics of
stars and circumstellar matter.
A number of important scientific objectives for large telescopes require very high spectral resolution (like the interstellar medium and planetary atmospheres), to objects where high precision
radial velocity observations require that spectral lines are well resolved (like planets searches
using the RV method) and to objects where precision spectroscopy and polarimetry of Doppler
and Zeeman effects are important (like stellar surface structure). Large telescopes are needed
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to achieve the required signal-to-noise ratio for the faint objects and for their high angular
resolution.

The AOTF are now technologically mature, compact AOTF-based spectrometers and cameras
are presently widely used for research and process control. An AOTF camera developed at
NASA/GSFC has been used for ground-based observations of planets. There are no moving
parts and it can be built as compact, lightweight, long lifetime, rugged, and reliable device. An
AOTF based spectrometer for aerospace applications was developed in JPL; the same reference
reports positive results of the AOTF radiation hardness testing. Existing references to the use
of the AOTF technology in space are consolidated by Gupta (1997). Also, an AOTF spectroimager was flown on Soviet Okean-NHM, and Okean-O satellites in 1986 and 1995. One channel
of a submillimeter radiometer on board Swedish satellite Odin launched is an acousto-optic
spectrometer.
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Mars SPICAM

The Investigation of the Characteristics of the Atmosphere of Mars (SPICAM) IR spectrometer
on Mars Express mission (1.01.7 µm, spectral resolution 0.51.2 nm, and the angular resolution
is 17.5mrad) Ref. [12]is dedicated primarily to nadir measurements of H2 O abundance. It is one
of two channels of SPICAM UV-IR instrument. This spectrometer is applied for the first time
in planetary research. The technology of an AOTF allowed unprecedented mass reduction for
such an instrument: 0.75 kg. SPICAM IR is a point nadir-looking spectrometer with sequential
scanning of the spectrum by the AOTF. Sun occultations are performed with help of a dedicated
solar port. Measurements in reflected solar light allow clear detection of H2 O and CO2 ices on
the surface or in the atmosphere of Mars.
The principal goal of this instrument is to measure water vapor in the Martian atmosphere, spectrally analyzing solar radiation reflected from the surface of Mars and modified by atmospheric
absorptions. Water is measured simultaneously with ozone, retrived from the UV continuum,
for a better description and understanding of the chemical coupling H2 O − O3 . The SPICAM
instrumentation consists of two blocks: a sensor unit with a total mass '3.8kg, which includes
the UV and the NEAR-IR spectrometer, and a data processing unit providing the interface of
these two channels with the spacecraft. The UV imaging spectrometer (118-320nm resolution
1nm) of SPICAM is primarily dedicated to stellar occultations of Mars. The IR channel of
SPICAM is a separate AOTF spectrometer integrated in the optical block of SPICAM along
with the UV spectrometer.
SPICAM-IR, derived from the Russian Mars-96 mission, is based on a T eO2 AOTF and operates
in nadir pointing mode or occultation mode. It will measure water vapor absorption at 1.38 µm
with two InGaAs detector diodes cooled to -15 C. It will also measure CO2 quantity in the 1430
and 1570-1600 bands. The IR channel of SPICAM light has passed through the whole chain
of space qualification tests, certain requierements for a Mars express being far beyond normal
levels, and they trus that AOTF technology is mature enough to be widely implemented in
future planetary and small-bodies mission.
Main measurements of the SPICAM include:
1. Ozone measurements are not included on any flying or planned mission. The vertical
distribution of ozone will be measured during stellar occultations. H2 O2 will possibly be
detected.
2. The density/temperature profiles will provide important constraints for building meteorological and dynamical atmospheric models, from the surface to the exosphere. TES/MGS
overlaps up to 80 km altitude, but SPICAM will be the only way to access up to 160 km,
the region used for aerocapture and aero- braking (Techniques used to reduce velocity and
high of a spacecraft arriving to the celestial body with a hyperbolic trajectory). Stellar
occultations provide a unique opportunity for detecting clouds on the night side and for
measuring O2 .
3. The remote sensing of the ionosphere from natural emissions is not included in any other
planned mission. The measurements of D/H from UV limb emissions will verify if this ratio

28

CHAPTER 1. MOTIVATION FOR AO INSTRUMENTATION IN ASTROPHYSICS

Figure 1.4: Synthetic spectrum of the nightside from at spectral resolution of SPICAM IR
compared to the spectrum of reflected solar radiation on Venus and on MARs. [12]
is constant or if it varies according to condensation/ evaporation processes (as around the
terrestrial tropopause).
4. After the loss of the Pressure Modulation IR Radiometer on the Mars Climate Orbiter,
the only instrument to provide water-vapour vertical profiling will be SPICAM (via solar
occultations).

1.3.2

Venus SPICAV SOIR

Investigation of the Characteristics of the Atmosphere of Venus (SPICAV) IR, a part of SPICAV/SOIR (Solar occultation in the Infrared) suite on Venus Express, Ref. [13]is a compact
single pixel spectrometer for the spectral range of 0.65 - 1.7 mm based on AOTF technology.
SPICAV IR is derived from SPICAM IR operating on Mars Express, the first AOTF spectrometer in the deep space, and adapted for Venus atmosphere measurements. The spectrometer
sequentially measures spectra of reflected solar radiation from Venus on the dayside and the
emitted Venus radiation in spectral windows on the nightside, and works also in solar occultation mode. The spectral range is 0.65 - 1.1 µm with spectral resolution of 7.8 cm−1 , and
1 - 1.7 µm with spectral resolution of 5.2 cm−1 . This instrument is in charge to study water vapour measurements in the mesosphere on the day-side and near surface on the nightside,
mapping of the O2 emission at 1.27 µm, aerosol studies via polarization and scattering solar
radiation at the day-side, and measurements of aerosol properties at the tops of the clouds in
solar occultations.
Venus Express is the first spacecraft sent to Venus after many years (Magellan operated till
1994). The science goals of the mission include the study of Venus atmosphere, surface and
environment from orbit observing remotely in the UV through IR spectral range, by means of
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Figure 1.5: An example of SPICAV IR spectrum recorded during orbit 30. Fifteen spectra have
been average. The synthetic spectrum includes solar spectrum, CO2 and H2 O absorptions and
the cloud model. [13]
radio science and in situ measurements of the ionized environment. Launched in November 2005,
Venus Express arrived at Venus on 11 April 2006. After a series of orbit control maneuvers it
reached the final operational 24-h orbit around Venus. The polar elliptical orbit now ranges
between 66,000 and 250 km above the surface. The pericenter is located almost above the North
Pole (80◦ N). To large extent its platform and its science payload has been inherited from Mars
Express operating in the orbit around Mars from December 2003.
Spectroscopy for the SPICAV/ SOIR is one of the seven experiments of Venus Express mission.
The instrument consists of three independent spectral channels: ultraviolet grating spectrometer
with an intensified CCD (118−320 nm, spectral resolution ∼ 0.55 µm) SPICAV UV, near infrared
acousto-optic (650 − 1700 nm, spectral resolution better than 1 nm) SPICAV IR, and infrared
echelle-spectrometer with acousto-optic selection of diffraction orders SOIR for the spectral
range of 2.24.3 µm (resolving power ∼ 20,000). The instrument is dedicated to a number of
studies of the Venus atmosphere from the surface to the hydrogen corona ( ∼ 40,000 km).
The spectrometers can be operated in several observation modes, including nadir, limb and
occultations for the vertical sounding of the atmosphere.
On the Venus Express mission already two AOTF devices were included in SPICAV/SOIR
package. One AOTF is used for the selection of diffraction orders in the echelle-spectrometer
SOIR . The second, near-IR channel of SPICAV is the further development of SPICAM IR. For
Venus studies, new requirements on spectral range, sensitivity, and dynamic range finally led
to rather deep modifications of the instrument. Sequential registration of the spectrum implies
relatively large measurement time, during which the spectrum could change due to the orbital
motion. This drawback, to our mind, is compensated by such advantages as flexible sampling
within the spectral range, and a very little stray light. As demonstrated with two devices on
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Mars and Venus Express the AOTF spectrometer is very rugged and stable device suitable for
long-term monitoring missions. The mass of the single-pixel spectrometer is only 0.75 kg. On
Venus Express some hurried modifications with the spectrometer led to reduced quality of the
spectrum in the low range and in particular of water vapour 1.38-mm band. Nevertheless, it
has fully demonstrated the capability of mapping the water vapour both at the dayside and
at the nightside, profiling of the aerosols in solar occultation, and sensitivity to detect the O2
emissions.

1.3.3

Astrophysical observations using AO Imaging spectrophotometer

The tunable acousto-optical filter, based on a paratellurite single crystal with a 13 Ȧ pass band
operates in the wavelength range 6300-11000 Ȧ. Molchanov et al, (2002) tested the imaging
spectrophotometer with ST-6 and ST-8 BIG CCD cameras. They observed a planetary nebula,
a star, Saturn, and the Seyfert Galaxy NGC 1068. The observations were carried out at the
Cassegrain focus of a 60 cm (Zeis-600) telescope; the filter was placed in a convergent beam
(1:12.5).
They observed the planetary nebula NGC 7027 near the Hα emission line in an effort to obtain
the filter spectral profile. This planetary nebula was chosen because is one of the brightest
star-like nebula. Since the Hα with in this nebula is ' 0.3Ȧ (15 km s−1 ), the filter transmission
profile was recorded almost completely.Fig. 1.6 shows the Hα region scanned at 2Ȧ steps. Each
exposure was 2min long, with the average background (moonless sky) being 17.9± 0.3 counts
per pixel (ADU); the rms deviation was 2. The minimum flux, the mean in the λ6470-6480 Ȧ
continuum, was 1.8± 0.8 ADU. The line width, i.e., the filter pass bandwidth, was FWHM =
14Ȧ, which corresponds to the laboratory measurements. [13]
To check the possible optical distortions introduced by the tunable AOF, they obtained images
of the seeing disk of the star γ Cyg (August 24, 2001). Its diameter is 2.5” and 1.5” with
and without the filter, respectively. It turned out that the AOF distorted the seeing disk only
slightly: the diameter of the star seeing disk is 2.5±0.1 arcsec with the AOF and 2.1±0.2 arcsec
with the neutral filter.
Saturn’s observations in the methane absorption band show the potentialities of the acousto
optical imaging spectrophotometer itself. From the observations of Saturn it was took 73 frames
with an exposure time of 10s in the wavelength range 8500-9120 Ȧ steps. The planetary disk
center was measured with a ' 6”aperture relative to the eastern and western edges of the ring.
The sky background edges of the ring. The results are shown in fig. 1.7 (2) The calibration was
performed using the minimum of the main 8800-9009Ȧ absorption band. Since all measurements
were made relative to the ring, they can be compared.
To study the emission-line variability in peculiar objects (Seyfert galaxies, quasars, Be stars, etc.)
they attempted to obtain an Hα image of the nucleus of the Seyfert galaxy NGC 7469 (z=0.0167)
and a brighter galaxy, NGC 1068 (z=0.0036). With a 60cm telescope, the nucleus of the Seyfert
galaxy NGC 7469 is poorly seen in the Hα emission line: the signal-to-noise ratio is less than
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Figure 1.6: The Hα (λ = 6563Ȧ) line in the planetary nebula NGC 7027: peaks on the right
correspond to the [N II] λ = 6584Ȧ and the small hump on the left corresponds to [N II]
λ = 6548Ȧ lines.4

Figure 1.7: (1) Saturn’s spectrum near the methane absorption complex; (2) AOF observations
at 10Ȧ steps; (3) observations with an acousto-optical spectrometer from Wattson et al. (1976)[4]
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Figure 1.8: Images of Jupiter in CH4 band centred at 0.825µm and 0.887µm. [3]
5; i.e., the emission line can be recorded with confidence, but the measurements accuracy is too
low to investigate its variability. The scanning was made at 25Ȧ steps. Nevertheless, it turned
out that the measured peak of the Hα line almost exactly corresponds to the galaxy redshift. A
larger telescope is required to observe fainter objects.
Hillman et al (1998), collect spectral images of collisions sited from the impact of Comet
Shoemaker-Levy 9 with Jupiter. The observations were done during July 1994. Fig. 1.8 shows
two photometrically calibrated images, a continuum image at 0.825µm and a strong CH4 band
centred at 0.887µm. in the continum image, one can see down to the Jovian cloud tops. Note
the dark H collision site near the central meridian and the adjacent white cloud feature at these
cloud-top altitudes. The methane band image probes heights that extend into the stratosphere.
At this wavelength, the collision site now appears white because it has a higher reflectivity than
its surrounding, but the low altitude spot cannot be seen. Note the appearance of the polar
haze at this altitude.

Conclusions
Modern astronomy explores the whole Universe and its different forms of matter and energy. Astronomers study the contents of the Universe from the level of elementary particles and molecules
(with masses of 10−30 kg) to the larges superclusters of galaxies (with masses of 1050 kg).
All our information about the physical properties of stars comes more or less directly from
studies of their spectra. In particular, by studying the strength of various absorption lines,
stellar masses, temperatures and composition can be deduced.
To measure the spectra of star is necessary to use a spectrograph, the simple one is a prism
placed in front of a telescope. The prism spreads out the different wavelengths of light not
a spectrum which can be registered. Instead of a prism a diffraction grating can be used to
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form the spectrum. A grating has narrow grooves, side by side, typically several hundred per
millimetre. When light is reflected by the walls of the grooves, the adjoining rays interfere with
each other and give rise to spectra of different orders. A diffraction grating can be formed using
acousto-optics.
In the mid-1970s, the first attempts were made to use AOFs for astronomical spectroscopic
observations: at the Harvard Observatory in 1976 and subsequently at the Royal Greenwich
Observatory. The first paper that showed a high quality of spectral acousto-optical instrumentation was published in 1991 (W. Smith et al). The AOTF are now technologically mature and
widely used for research in high spectral resolution in large telescopes and space applications. We
have seen that the SPICAM of Mars and SPICAV of Venus are two examples of spectrometers
successfully working studying the atmosphere of those planets.
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Chapter 2
Review on acousto-optics

Acousto-optic devices are based on the photoelastic or elasto-optic effect according to which an
acoustic signal applied on an AO crystal produces a strain which changes the optical properties of
the crystal. The acoustic signal is injected into the crystal by means of a piezoelectric transducer,
and as it propagates, produces regions of compression and rarefraction. When an optical beam
passes through the crystal it may be deflected or modulated, and is frequency shifted. The
changes in the optical properties of the crystal are the result of the changes in the index of
refraction of the crystal produced by the strain. The complete mathematical description of the
photoelastic effect depends on the directional properties of the AO material and requires a tensor
relation between the elastic strain and the photoelastic coefficients.

In practice the term ”acousto-optic interaction” refers to the effect of the acoustic wave on an
incident optical wave, because in most cases the presence of the optical wave does not change the
acoustic properties of the medium. From this point of view, the AO interaction can be treated
as a parametric process, in which the acoustic field changes the refractive index of the medium.
Using the methods of classical optics, we can describe the AO interaction as the diffraction of
the optical wave by a periodical phase grating and the phase grating generated by the acoustic
wave is that the latter is not stationary; it travels with the speed of sound in the AO medium
and its parameters can vary with time. This travelling phase grating Doppler-shifts the optical
frequency, and it can be used to deflect, modulate, or filter the optical beam. Devices based on
these properties of the travelling phase grating are called AO deflectors, AO modulators, and AO
tunable filters (AOTFs) respectively. Although the design of these devices varies significantly,
the underlying phenomena are the same and is based on isotropic or anisotropic AO interactions.
[18]
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Acousto-Optic interactions

The type of the AO interaction is determined by the light-sound, geometry and the optical and
acoustic properties of the AO material. All AO interactions are based on the photoelastic effect,
and they can be either isotropic or anisotropic, depending on the optical properties of the AO
crystal.
Isotropic AO interactions do not change the polarization of the optical beam, and they can result
in either multiple or single diffracted optical beams (or orders). The multiple-order isotropic
diffraction is called Raman-Nath, and because of its low diffraction is called Bragg; it is much
more efficient and therefore it is widely used in practical devices.
Anisotropic AO interactions change the polarization of the optical beam, and they result in a
single diffracted order. They offer a higher efficiencies and larger acoustic and optical bandwidths
than the isotropic AO interactions. Most high performance deflector and AOTFs are actually
based on anisotropic interactions.

2.1.1

Isotropic AO interaction

The characteristics of the diffracted light beams resulting from an AO interaction can be determined by solving the wave equation that describes the optical wave propagation in the AO
crystal. Raman and Nath the case of isotropic AO interactions which occur when the AO crystal
is isotropic. In this case the refractive indices for the incident and the diffracted optical beams
are the same. (Note that in an anisotropic AO interaction the refractive indices for the incident
and diffracted optical beams are different, and the polarizations of the two beams are orthogonal). For an isotropic interaction when an acoustic wave propagates in the x − z plane at an
angle θ0 (inside the medium) from the axis, the wave equation can be written as


n(x, t)
∇ E=
c
2

2

∂ 2E
∂t

These equations were derived by Raman and Nath and can be written as


dEm
u1
mKa mKa
+
(Em+1 − Em−1 ) = j
− sinθ0
dz
2L
cosθ0 2ki
where
u1 =

−ko ∆nL
cosθ0

(2.1)

(2.2)

(2.3)

and k0 = 2π/λ0 is the wave number of the incident optical beam in free space, with λ0 being
the optical wavelength in free space. The solutions of the Eq. (2.2) describe the electric field of
the optical waves in the various diffraction orders. In interpreting these equation we can apply
basic coupled mode theory and assume that different optical waves propagate in the AO crystal
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Figure 2.1: Raman-Nath acousto-optic diffraction geometry showing multiple diffracted orders
[19]
an energy exchange takes place between them. If sinusoidal acoustic waves are used, the optical
waves can exchange energy only with adjacent waves. In this case the variable u1 can be viewed
as the coupling constant between the adjacent waves. The amount of energy depends of the
coupling constant and the degree of synchronization of the waves. The factor m2 Ka2 /2ki cosθ0 on
the right side of Eq. (2.2) indicate the degree of synchronization. The larger value of this factor
the less the synchronization (or the larger the phase difference between the waves) and therefore
the less the amount of energy transferred. When can proceed with Eq. (2.2) by examining AO
interaction geometries in which an appreciable amount of light can be transferred out of the
zero order into the diffracted orders. This can be accomplished by using the Klein and Cook
parameter Q, defined as [20]
2πλ0 L
Ka2 L
=
(2.4)
Q=
ki cosθ0
nΛ2 cosθ0
where L is the AO interaction length along the direction of propagation of light and Λ is the
acoustic wavelength. The parameter Q is appropriate because it measures the differences in
phase of the various partial waves due to the different directions of propagation. When Q ≤ 0.3
the AO diffraction is called Raman-Nath and results in multiple diffraction orders similar to those
produced by a thin diffraction grating. Figure 2.1 shows the basic geometry of the Raman-Nath
and results in multiple diffraction orders. In this case light is transferred from the zeroth order
to the first order, from the first order to the second order, etc. The mth diffracted order is
separated from the undiffracted order by an angle θm which can be approximated by
θm ' ±

mλ0
nΛ

(2.5)

For Q > 7, the acoustic grating is no longer thin, and the AO interaction becomes sensitive to
the angle of the incident optical beam. This diffraction regime is called Bragg and is most widely
used in practical applications. Since energy transfer is most effective between optical waves with
the same phase term, the diffracted light will appear predominantly in a single order.Fig. 2.2
shows the basic geometry for the Bragg diffraction and the resulting single diffraction order.
The amount of light in the diffraction order is maximized when tanθ0 = mQ/2Ka L. For m=1

38

CHAPTER 2. REVIEW ON ACOUSTO-OPTICS

Figure 2.2: Bragg acousto-optic diffraction geometry showing a single diffracted order [19].
this condition reduces to
sinθ0 = sinθB =

λ0
Ka
=
2ki
2nΛ

(2.6)

where θB is known as the Bragg angle. In practice θB is small, around a few degrees.
The Bragg condition given by Eq. (2.6) can also be derived by considering the Bragg interaction
as a collision between photons and phonons. From this point of view, a photon with energy ~ωi
and momentum ~ki interacts with a phonon of frequency Ωa and momentum ~Ka . The interaction produces a new photon at frequency ωd and momentum ~kd and a phonon at frequency Ωa
with momentum ~Ka . Application of the energy and momentum conservation laws yields the
following relationships.
ωd = ωi ± Ωa
(2.7)
kd = ki ± Ka

(2.8)

where the + or - sign applies when the optical wave is moving against or with the acoustic wave
respectively. Eq. (2.7) shows that the frequency of the diffracted optical beam will be Dopplershifted, up or down, depending on the relative direction of the optical and acoustic beams. Since
ωi  ωa (e.g., 1015 Hz versus 109 Hz respectively), the magnitude of Kd is approximately that of
Ki , i.e, | Kd |'| Ki |. This is shown graphically in fig. 2.3 and since | Kd |'| Ki | the diffraction
triangle is always isosceles. This means that the magnitude of the acoustic wave vector must
satisfy | Ka |= 2 | Ki | sinθB , which reduces Eq. (2.6) for Fig. 2.3 we note that when the
Bragg condition is satisfied, the angle between the incident optical beam and the diffracted
beam is 2θB . We also note that the wave vectors lie on one circle because for the isotropic AO
interaction the refractive indices of the incident and the diffracted light beams are equal. For
the ideal isotropic Bragg diffraction we can assume that energy exchange takes place between
the incident optical wave E0 and the diffracted optical wave E1 .
The quantity; M2 is called the figure of merit and determines the inherent efficiency of the
material regardless of the interaction geometry.
M2 =

n6 p2
ρV 3

(2.9)
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Figure 2.3: Wave vector diagram for isotropic Bragg diffraction [19]
Where: p is the photo-elastic coefficient, n0 - refractive index of the crystal in the direction
of the acoustic propagation, ρ - density of the medium, ν - acoustic velocity. As eq. (2.9)
shows, high-efficiency materials must have a high refractive index and a low acoustic velocity.
In practice, M2 is used almost exclusively for AOTF, as well as for scanners and low-bandwidth,
high-resolution deflectors.
Another parameter of importance for practical Bragg diffraction-based devices is the 3-dB AO
bandwidth, ∆f , defined as the difference between the highest and lowest frequencies at which
the normalized diffracted intensity Id drops by 50%
∆f = 1.8nV 2

cosθ0
λ0 Lf0

(2.10)

∆f is inversely proportional to the interaction length L. This is an important point and a
consequence of the fact that for a fixed angle of the incident optical beam and a fixed acoustic
direction, an isotropic Bragg device will only operate at one particular length of the acoustic
wave vector, i.e., at one acoustic frequency (or alternatively, the diffracted light wave vector Kd
must be equal to that of the incident light beam Ki ). If the direction of the diffracted beam
is to be changed, we must change both the direction and the magnitude of the acoustic vector.
For operation over a range of acoustic frequencies it is necessary to have a spread of the acoustic
wave vector directions from the transducer. This is accomplished by using diffraction resulting
from a transducer of width L.

2.1.2

Anisotropic AO interaction

Anisotropic AO interactions take place in optically anisotropic crystals and involve diffraction
between ordinary and extraordinary optical beams. Since these beams face different refractive
indices, this type of AO interaction is often called birefringent and involves rotation of the
polarization of the diffracted beam by 90Ȧ with respect to that of the incident beam. This is
an important feature of the anisotropic diffraction, because polarization filtering can be used to
reduce optical noise and/or separate the diffracted and undiffracted beams. In a birefringent
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Figure 2.4: Wave vector diagram for the general case of anisotropic diffraction. [19]
crystal the diffracted light wave vector Kd can differ in magnitude from Ki if the polarization is
changed in the diffraction process. Figure 2.3 shows the wave vector diagram for the birefringent
diffraction in a negative uniaxial crystal (where n0 > ne with ni = no and nd = ni . An optical
beam can be deflected simply by varying the frequency of a well-collimated acoustic beam which
remains fixed in direction. This implies that the angular spread of the acoustic wave vector
required for phase matching across a particular acoustic bandwidth needs to be much less for
the anisotropic than for the isotropic interaction.
The frequency dependence of the angles of the incident and diffracted optical beams, as measured
with respect to the perpendicular to the acoustic wave vector, are very important in the design
of anisotropic AO devices, and they can be calculated from the wave vector diagrams. With the
aid of fig. 2.3 we see that the perpendicular to Ka satisfies
kd cosθd = ki cosθi

(2.11)

Components parallel to the acoustic wave vector (with θd positive and θi negative) satisfy
kd sinθd + ki sinθi = Ka

(2.12)

Squaring Eq. (11) solving with respect to sin2 θd obtained from the square of Eq. (2.12), we
obtain an expression for sinθi as a function of ki , kd , and Ka .
From the momentum conservation law it follows that the sum of the diffracted (kd ) and acoustic
(K) wave number vector are equal to the incident (Ki ) wave vector.
ki = kd + K

(2.13)

In other words, at a certain incidence angle of the light wave the triangle consisting of 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 2.5 shows the general anisotropic
case of the Bragg diffraction for LiN bO3 . The ultrasonic wave is always divergent due to the
finite dimension of the transducer. Therefore, the momentum conservation is always fulfilled
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Figure 2.5: Interaction geometry of the anisotropic Bragg diffraction for LiN bO3 . 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.
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).
The diffracted light has maximum intensity when the phase matching is exactly fulfilled. In
birefringent crystals, this occurs at two different acoustic frequencies. Near these frequencies
(quasi-conservation of moment) the efficiency is smaller, resulting in the typical bandpass shape
of an anisotropic Bragg deflector, as shown in figure 2.6

2.2

Diffraction Angles

In case of the Bragg condition, when equation 2.13 is valid, the incidence and diffraction angles
can be expressed as functions of the acoustic frequency:


v2
λf
2
2
1 + 2 2 (no − ne )
sinϑi =
2no v
f λ

(2.14)



λf
v2
2
2
1 + 2 2 (ne − no )
sinϑd =
2ne v
f λ

(2.15)

Were the refractive indices no and ne are generally functions of the light wave directions,
no = no (ϑi ) and ne = ne (ϑd ); ϑi and ϑd are the angles of the incidence and diffracted light
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Figure 2.6: Frequency bandpass function of an anisotropic acousto-optical defector. The exact
phase matching occurs at two acoustic frequencies resulting in the double peaked frequency
response. [19]
waves relative to the straight line orthogonal to the [100] crystal lattice vector (figure 2.5). Theoretically, from equations 2.14 and 2.15 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 100 MHz and 20 GHz, respectively. Nevertheless, the bandpass range of the device strongly depends on the working point,
i.e. the incidence angle of light. Figure 2.7 shows a theoretical plot of the incident and diffracted
beam angles versus the acoustic frequency in anisotropic crystals for the Bragg condition.
i
= 0,
An optimal operation of the acousto-optic deflector can be achieved in the region where dϑ
df
because with small angular dispersion of the incident beam large deflection angular range, ϑd
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.

2.3

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
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Figure 2.7: Incident and diffracted beam angles of the Bragg diffraction vs. acoustic frequency.
[19]

Id
= sin2
η=
Io

r

π 2 LP M2
2Hλ2

(2.16)

Where:
H - ultrasonic beam height
M2 - acousto-optic figure of merit
P = LHPa - total acoustic power
Pa - acoustic power
High diffracted light intensity can be achieved by using an incident light beam with short wavelength and high power. 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, can be used for comparing the efficiency properties of different acousto-optical
materials.
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
η=

1.8π 2 Ptot M20 1
Id
=
I0
2∆fa fc cosϑB λ3

Where:
fc - centre frequency of the acoustic beam
∆fa - bandwidth of the acousto-optic defector
ϑB - Bragg angle
M20 - acousto-optic figure of merit, with a slightly different definition

(2.17)
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M20 =

p2 n70
ρv 2

(2.18)

As shown on equation 2.9 (merit function) Expression 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 next
section. In addition to the widely used Lithium-niobate (LiN bO3 ), there are other promising
optical material like T eO2 or rutile (T iO2 ) which have high density, high refractive index, wide
optical transmission, small acoustic wave velocity, and therefore a large figure of merit. Due to
the 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.

2.4

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 f0 ,
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 2f1 − f2 . The intermodulation effect may
be caused by multiphonon scattering or by acoustic mixing effects. In the case of low acoustic
power densities, the multi-phonon 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:
I 2 I2
(2.19)
I(2f1 − f2 ) = 1 ,
36
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 two-tone third order
intermodulation product is determined by:


I1 I2
Df = −10lg
(2.20)
36
A typical value of the dynamic range for an input signal level of -20dB m and 10% diffraction
efficiency is 135dB, independent of the illumination position of the Bragg cell.
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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. 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


Df = −10lg

Pa
LH

2
+K

(2.21)

where the constant K is the nonlinear coupling parameter incorporates the acoustic dispersion,
frequency, path length and attenuation.
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.

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 -90 dB 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 10-15 dB scattered light from the diffracted signal level.

2.5

Acousto-Optic materials

An important stage in the design of any AO devices is the choice fo the AO material. The
material choice is affected by several factors, which include the type of the AO device, the
application requirements, and the quality of the available AO materials. In the next table are
presented those AO materials that are readily available and present minimum difficulties in
therms of crystal growth and device processing.
The information capacity of the AO deflectors and AOTF is determined by the time-bandwidth
product (TBWP), which is defined as the product of the device time aperture (Ta ) and the
bandwidth ∆f. The TBWP is equivalent to the number of resolvable elements, defined as the
ratio of maximum deflection angle over the angular spread of the diffraction-limited optical
beam.

46

CHAPTER 2. REVIEW ON ACOUSTO-OPTICS

Figure 2.8: Time-bandwidth product as function of frequency for common AO materials. [20]

2.6. CONCLUSION
AO material

Acoustic
mode

Fused quartz
Tellurium
glass
As2 S3
As2 S3b
KRS-5c

L
L

L
L
L[111]
S[100]
c
KRS-6
S[100]
P bM oO4
L[001]
N aBi(M oO4 )2 L[001]
T eO2
L[001]
SS[110]
Hg2 Cl2
SS[110]
GaP
L[110]
S[111]
T l3 AsSe3
S[010]
LiN bO3
L[100]
SS[y120o]
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Acoustic Velocity (×105
cm/sec)
5.9
3.5

Acoustic attenuation (dB/µsec −
GHz 2 )
0.24a
1.5a

Refractive index (at 0.63
µm)
1.46
2.10

M2
(×10−18 sec3 /g)

2.6
2.25
1.98
0.87
1.02
3.7
3.95
4.25
0.62
0.35
6.3
3.5
1.05
6.57
4.1

2.2a
3.6a
10.0
20.0
11.0
6.0
3.5
4.0
18.0
14.0
7.0
2.0
10.0
0.8
0.5

2.60
2.89
2.57
2.30
2.38
2.17
2.41
2.26
1.96
3.31
3.33d
2.23
2.20

430
1100
480
1200
150
36
24
34
800
1000
44
26
1141
7
22e

1.5
18

Table 3. Properties of selected acousto-optic materials. [20]
a
b
c
d
e

For f = 100 MHz
For λ = 1.15 µm
Wide spread of measured parameters.
For λ = 3.30 µm
For anisotropic diffraction

2.6

Conclusion

The underlying mechanism of acousto-optic interaction is simply the induced change in the
refractive index of an optical medium by the presence of an acoustic wave.When an acoustic
wave is launched into the optical medium, it generates refractive index changes that give the
effect of a moving sinusoidal grating. An incident laser beam passing through the device will
be diffracted by the grating into several diffraction orders. The angular position of the selected
diffraction order (e.g. first order) is linearly proportional to the acoustic frequency; thus, the
higher the frequency, the larger the diffraction angle. The intensity of the diffracted light is
proportional to the power of the acoustic wave, and thus the intensity can also be modulated.
The interaction between the light and the acoustic wave produced the so called Bragg diffraction
effect. The beam of light is incident on a plane acoustic wave in the acousto-optic cell. This
acoustic wave is emitted by a transducer driven by an electronic addressing signal. At a certain
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critical angle of incidence the incident beam produces a coherent diffraction angle, which is
known as the Bragg angle and is the arcsine of the wavelength of light divided by two times the
acoustic wave of the sound. A variety of different acousto-optic materials are used, depending on
the laser parameters such as wavelength , polarization, and intensity. For the visible and nearinfrared regions, the acousto-optic modulator is usually made from dense flint glass, tellurium
doxide (T eO2 ) or fused quartz. For the infrared region, germanium is often employed. Lithium
niobate (LiN bO3 ) and gallium phosphide (GaP) are used for high-frequency signal processing
devices.
For AOTFs an important material-related parameter is the number of resolution spots of timebandwidth product (TBWP). This parameter is affected mostly by acoustic attenuation, although in certain cases the crystal length may also be the limiting factor.
An important requirement in high-performance deflectors and AOTFs is large spurious-free
dynamic range. This is often limited by either non-linear acoustics or by multiple AO diffractions
when multiple tones are presented in the AO crystal. The degree of acoustic nonlinearities is
determined by both the applied power density and the nonlinear characteristics of the AO
crystal.

Definition of the problem
• To design an acousto-optical processor for astrophysical applications for the
visible and infrared range. This processor must provide rather wideband
studies with an uprated spectral resolution. For this reason is important
to use the advantages of both space and time integrating. Separately, the
space integrating gives a wide frequency bandwidth together with relatively
low frequency resolution, while the time integration provides a high resolution for spectrum components accompained by comparably narrow frequency bandwidth. This is a two dimensional optical data processing. The
importance of this algorithm is based on exploiting the chirp Z-transform
technique providing a two dimensional Fourier transform of the input signals.
• To estimate which is the best AOC according to the time-bandwidth product. This parameter can be taken as the most general one for the characterization of performance data inherent in each individual cell. Functional
capabilities peculiar to the cells operating over either normal or anomalous
light scattering regime are under consideration. The anomalous regime of
light scattering promises better results. Both the theoretical estimations
and the experimental data obtained for a large-aperture acousto-optical
cell based on a tellurium dioxide crystal, exploiting the time-bandwidth
product equal to about 4000.
• To obtain really optimized profile of the incident light beam apodization,
and to increase the dynamic range up to 40 dB. An appropiate apodization
of the light beam iwthin acousto-optical data processing makes it possible
to increase the potential dynamic range. Modern acousto-optics exploits
often rather high-frequency radio-wave signals in a view of increasing the
frequency bandwidth by itself or/and growing the time-bandwidth product
49
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inherent in a cell. Similar acousto-optical cells operate with such frequencies
that acoustic losses become already pronounced, so that the effect of the
losses along an aperture of a cell has to taken into account. Typically,
acceptable level of the acoustic losses account is about 3-6 dB per cell’s
aperture.

Chapter 3
Triple product acousto-optical
processor
3.1

Introduction

In this chapter is presented a prototype of the triple-product acousto-optic processor. As shown
on Fig. 1. The point source is the light of the star. It passes through some lenses which makes the
function to collimate the light into a single vertical line. The purpose of this lenses is arrange the
light to pass by the first AOC and have the first diffraction. At this point the space bandwidth
product will be between 103 − 104 resolvable spots. After that the spherical lens makes the
light perpendicular making possible to pass through the second AOC. Two-dimensional input
devices can operate with patterns consisting of about 106 resolvable spots.This implies much
higher resolution

3.2

Two-dimensional signal processing based on spatially
one dimensional input devices

Generally, the systems for optical information processing have an advantage to be a threedimensional in their nature, so that the directions of propagating the corresponding light flows
can be usually considered as optical axes. During the propagation of light through each of similar
systems the modulations of light flow by the input data and the other optical transformations
can be performed to obtain the desirable issuing light distribution at the output plane of that
system. Usually, various modulators, lenses, and other components for optical data processing
are located in the planes being orthogonal to optical axis, so that a two-dimension arrangement
makes it possible to carry out a large amount of parallel operations and, in so doing, to realize
potentially ultra-high productivity of computations. Together with this, during the last years
a lot of two-dimensional architectures for optical data processing has been progressed, wherein
various one-dimensional input devices have been exploited, while the these systems as a whole
51
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have been designed in a three-dimension space. Realizing two-dimensional optical processors
with one-dimensional input devices is not so easy, as a rule; nevertheless, similar systems exhibit
a high level a flexibility. As a result, rather large amount of high quality one-dimensional input
devices has been created and inserted into optical systems for two-dimensional data processing
in a view of creating high-bit-rate and adaptable optical processors. One of the most important
arguments for applying one-dimensional input devices in two-dimensional processing is based
on relatively high level of their development. The most wide-spread of them are, for example,
linear arrays of semiconductor light sources like laser diodes or light emission diodes (LEDs);
then, one can call a row of electro-optic, acousto-optic, and magneto-optic cells, various CCD
linear arrays, etc. It should be noted that modern semiconductor light sources allow effective
and ultra-high frequency (up to 1010 Hz) external amplitude modulation, while one-dimensional
Bragg acousto-optical cells (AOCs) provide effective conversion of electrical signal into optical
ones in a wide (up to a few gigahertz) frequency bandwidth with time-bandwidth product (i.e. a
product of the frequency bandwidth and the aperture transit time) exceeding 103 . Rather small
sizes of similar input devices and modern technique of designing the needed optical lenses give
real opportunity for constructing ultra-high-productive and compact optical systems for parallel
data processing. Moreover, both relatively low levels of the needed electric power and not high
prices inherent in these components lead potentially to realizing compact optical processors of
low power consumption as well as of low cost.

3.2.1

Triple-product acousto-optical processor with time-integrating

The laser diode or LED, for example, can be used as a point light source whose radiation is
modulated in time by the initial electronic signal Φ0 (t) . The vertically oriented acousto-optic
cell AOC-1 realizes a modulation by the first additional electronic signal Φ1 (t). This cell is lighted
by the optical beam from a point source through the spherical lens L1 and the cylindrical lens
L2. The light beam, scattered by the AOC-1, is modulated by the product Φ0 (t)Φ1 (t − x1 /v1 ).
In a view of lighting the AOC-2, which is placed horizontally, the output light beam after the
AOC-1 is broadened horizontally and focused vertically by the spherical lens L3. Let the second
additional electronic signal, which is applied to the AOC-2, is Φ2 (t). As a result, the light
beam, scattered by the AOC-1, is modulated by the product Φ0 (t)Φ1 (t − x1 /v1 )Φ2 (t − x2 /v2 ).
The obtained product includes in fact two time delays t1 = x1 /v1 and t2 = x2 /v2 , where x1,2
and v1,2 are physical spatial coordinates along the corresponding acousto-optical cells and the
acoustic wave velocities, respectively. These time delays t1 and t2 must satisfy the inequality
0 < (t1 , t2 ) < T , where the aperture transit time T of the acousto-optical cells is usually about
10-20µs. The cylindrical lens L4 and the spherical lens L5 shape the image of the AOC-2 at the
output plane in horizontal direction, while the spherical lenses L3 and L5 give the image of the
AOC-1 at the output plane in vertical direction. A two-dimensional matrix of photo-detectors
is placed in the output plane, so that charges g(t1 , t2 ) collected by each individual pixel under
acting the light during the time Ti at a point (x,t) are proportional to
Z
Φ0 (t)Φ1 (t − x1 /v1 )Φ2 (t − x2 /v2 )dt

g(t1 , t2 ) =
Ti

(3.1)
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a.General schematic arrangement of optical components.

b. Front view

c. Top view.
Figure 3.1: Schematic arrangement for a triple-product acousto-optical processor with timeintegrating [27]
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where Ti is the time of integration, which is limited by the detector and could be about 1 ms; the
time delays t1 and t2 represent a pair of the coordinates in the output focal plane, i.e. in a plane
of the CCD matrix photo-detector. Such a system represents a triple-product processor with
time-integrating. Two additional views, depicted in Fig.3.1, show that this processor consists
of a pair of the two one-dimensional correlators with time-integrating operating simultaneously
in two mutually orthogonal planes. However, the system does not simply collect two onedimensional conversions; the final result appears within a joint two-dimensional processing of
all the input signals. This architecture always calculates Eq.(3.1), but it exhibits really high
flexibility, because all the three input signals are given initially as electronic signals, so that
this processor can be easily re-oriented from fulfilling one algorithm to another in the frames of
completely the same optical resources simply by varying the input electronic signals Φj (t) with
(j=0,1,2).

3.2.2

Spatially one-dimensional acousto-optical input devices

In the case of exploiting spatially one-dimensional AOC as an input device, the data can be
introduced in a sequential regime. If the signal applied to similar AOC is modulated by the
time function f(t), the light scattered by this cell will be modulated by the function f(t-x/v),
where x is the coordinate of acoustic wave propagation and v is the acoustic wave velocity.
Consequently, at each instant of time t the scattered light is modulated proportionally to the
input electric signal with respect to the spatial coordinate x ; and together with this light is
modulated by the input electric signal at each individual value of the coordinate x with respect
to the time t. Such a doubled modulation can be important within designing dynamic optical
processors, because in the last case the AOC can be exploited as the input devices and as the
delay lines. In reality, the modulation provided by AOC is much more complicated process. The
scattered light has Doppler frequency shift relative to the initial central frequency, and finite size
of the AOCs aperture always restricts the spatial length of an area wherein the modulation of
light beam can be fulfilled. Then, the proportionality between the depth of light modulation and
the applied electric signal is true only when diffraction efficiency of the AOC does not exceed
a few percent. Additionally, the modulating properties of AOC operating in Bragg regime are
essentially depending on the angle of light incidence on a cell. All these factors should be taken
into account during the design of practical systems.
The AOC can be efficiently used as a point modulator as well, because it can provide pure
amplitude modulation for the light beam entirely. Within such an application of the AOC, one
can imagine that the AOCs aperture is going to zero, so that space-time signal f (t − x/v)is
degenerated into the time function f (t). If, for example, the AOC is lighted by a conic optical
beam focused near the piezo-electric transducer, the scattered optical beam represents almost the
same cone modulated with respect to time by the function f (t) . The bandwidth of modulation is
inversely-proportional to the acoustic transit time through an individual focal spot. For example,
with the focal spot size of about 4µm and typical acoustic wave velocity 4×105 cm/s, the acoustic
transit time through that focal spot has the order of 1ns. It should be noted that with growing
the Klein-Cook parameter [20], which is accompanied by increasing the diffraction efficiency
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Figure 3.2: Layout of the optical scheme for the acousto-optical triple-product processor.[28]
of AOC, the output light cone assumes an elliptic shape due to appearing wave mismatch.
Nevertheless, this estimation is rather close to allowable time of direct electronic amplitude
modulation for the laser diodes or LEDs. However, sometimes these light sources exhibit the
radiation with too low time coherence under action of high-bit-rate modulation. This is why just
the AOCs can be efficiently exploited as point modulators providing a wideband time modulation
of light beam as a whole.
Nevertheless, efficiency of exploiting the third dimension in a three-coordinate space has the decisive significance, because just this property gives potential advantages to optical systems in comparison with the other ones. Consequently, an important question appears: is a two-dimensional
data processing system capable of providing rather high productivity under exploitation of just
one-dimensional input devices? The adequate answer looks like this: if a one-dimensional input device is involved, some part of functional possibilities of parallel processing becomes to
be lost, because instead of about 106 resolvable spots of data, provided usually by a spatially
two-dimensional light modulator, now only 103 spots can be realized. However, the losses in
parallelism can be successfully compensated by very wide frequency bandwidth of already existing one-dimensional input devices. Let us consider a few estimations. The aperture transit
time T of the acousto-optical cells is usually about 10µs . The frequency bandwidth ∆f of
the acousto-optical cells is usually about 100M Hz. Consequently, the time-bandwidth product is equal to N = T ∆f ' 103 , which represents the number of potentially resolvable spots.
This product is almost independent on concrete magnitudes of both T and ∆f what is mainly
conditioned by fundamental acousto-optical relations. The direct comparisons of different processors are not always possible, but some estimation can be done. For example, if the AOC
with the product N = T ∆f is lighted by the modulated beam from a single-channel source
and the frequency bandwidth of this external modulation is taken equal to ∆f as well, one
yields ∆f N of multiplications per second, because during each time interval 1/∆f one can realize N multiplications. In the case, when a pair of similar AOC is located sequentially, the
triple-product processor will perform ∆f N 2 multiplications per second. As a result, using the
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Figure 3.3: Potential design of the acousto-optical triple-product processor.[27]

above-mentioned estimations for the aperture transit time and the frequency bandwidth for the
AOC, one can expect the final bit-rate about 1014 − 1015 multiplications per second. Thus,
one can conclude that involving one-dimensional input devices with really wide frequency bandwidth in two-dimensional optical systems provides potentially creating the prototypes of rather
high-bit-rate optical processors.

One of the allowable practical realizations of the above-characterized optical scheme for the
TPP, depicted in Fig. 3.1, is presented as a prototype in Figs. 3.2 and 3.3. The designed
arrangement is localized on a inch optical board and based on two-inch spherical and cylindrical
optics making it possible the use of various crystalline AOCs with the aperture transit time
T ≥ 10µs. In particular, one can exploit in the processor wide-aperture spatially one-channel
tellurium dioxide crystalline AOCs with the optical aperture of about 40 - 50 mm, providing the
frequency bandwidth up to 100 MHz, which will be preliminary characterized here below.
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3.3

General scheme of the space-and-time-integration spectrum analyzer

It is well known that two-dimensional input devices can operate with patterns consisting of
about 106 resolvable spots, while the time-bandwidth product of one-dimensional input devices
cannot exceed about 103 − 106 . In principle, this difficulty can be resolved though the division
of calculations on intermediate stages, associated with performances of one-dimensional input
devices, and the exploitation of an external electronic memory for collecting intermediate data
and assembling the final results. Such an approach is quite realistic but it could give the
lost of all the advantages peculiar to optical data processing. An alternative approach can
eliminate involving an external electronic memory due to the use of specific photo-detector
as a device for both memorizing intermediate data and producing the final results. In more
details, intermediate data of calculations can be obtained exploiting space integrating in optical
system, while collecting intermediate data and shaping the final results can be provided via timeintegrating by the CCD matrix photo-detector. By this it means that one spatial variable and
time create a two dimensional space, wherein the initial pattern can be represented and processed
on the basis of the space-and-time-integrating algorithm. Thus, the goal for designing the timeand-space-integrating processor is connected with the possibility of replacing two-dimensional
input devices by one-dimensional ones.
The technique of signal processing based on the space-and-time integrating had been proposed for
the spectrum analysis of one-dimensional signals [30] In principle, the analysis of one-dimensional
signals can be provided by one-dimensional acousto-optical analyzer with only the space or only
the time-integrating. However these analyzers have the performances supplementing with one
another. The space-integrating gives a wide frequency bandwidth together with relatively low
frequency resolution, while the time-integrating provides a high resolution for spectrum components accompained by comparably narrow frequency bandwidth. A two-dimensional processor
combining the advantages from both space-and time-integrating makes it possible to obtain
the analysis with wide bandwidth as well as with high resolution simultaneously. A scheme
of the space-and-time integrating spectrum analyzer exploiting a pair of the acousto-optical
cells (AOCs) is shown on fig (3.4). The triple product acousto-optical processor under design
is intended for investigations, which both need the algorithm of the space-and-time integrating
providing rather wideband studies with an uprated spectral resolution. This processor includes a
pair of mutually orthogonally oriented wide-aperture 1D-acousto-optic cells as the input devices
for a 2D-optical spectrum analysis. Significance of this approach is conditioned by the usage
of so called chirp Z-transform technique realizing a 2D Fourier transform of the input signal
s(t). That technique involves two frequency-chirp signals whose parameters kx x/(2πV ) and
ky y/(2πV ) represent the frequency variables along the output axes x and y, (V is the acoustic
velocity). If the factor kx is chosen so that kx D/(2πV ) = ∆f is the bandwidth of the signal s(t),
the spectrum of s(t) will be registered and shown along the axis x with relatively low resolution
similar to the conventional space-integrating spectrum analysis. Its resolution is characterized
by the value ∆f /M inherent in the performances of a M x M- pixel CCD-matrix.
If the time function f(t) is applied to the AOC as a signal, in the output focal plane of the
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Figure 3.4: Schematic arrangement for a triple-product acousto-optic processor, time and space
integration processor.[28]
last integrating lens, which produces the Fourier transform at a focal distance F, one can find a
distribution of light amplitudes modulated by the function
Z
f (t − x/v)exp(2πiux)dx = {F (uv)

g(u, t) =

O

sinc(Xuv)}exp(2πivux)

(3.2)

X

where X is a linear size of the optical aperture inherent in AOC, u = x1 /(λF ) is the spatial
frequency,
Nx1 is the spatial coordinate in the output focal plane of the last integrating lens, and
the sign
means the convolution. It is seen that spatial modulation of light in the output focal
plane corresponds to a Fourier transform F(uv) of the time function f(y), smoothed due to its
convolution with the function sinc(Xuv) or sin x/x conditioned by a finite size of the AOCs
optical aperture. As a result, the frequency resolution is determined by a width of the main lobe
of sin x/x, which is equal to (v/x) Hz. Together with this, the light amplitude at the output has sinusoidal time modulation as well at each point in spatial-frequency plane. Moreover,
the frequency of time modulation is directly proportional to the spatial frequency u. Taking
into account all the light components, which are incidencing at a resolvable spot n the spatial
frequency domain (with the space-frequency width λF/X), the spectrum width of the time
modulation of light is equal only to (v/X), i.e. to the frequency resolution of space-integrating
processor. Consequently, this time-modulated light beam can be used as the input signal for
the time-integrating processor, operating within the chirp Z-transform algorithm along an orthogonal direction, see Fig.3.4. In so doing, one can have shaped a spectrum of a narrow-band
time signal with a high resolution in the points located inside each individual resolvable spot of
the space-integrating processor. Together with this, all partial resolvable spots identified with
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Figure 3.5: Multi-channel time-integrating processor [28]
a low resolution can be simultaneously processed by multi-channel time-integrating processor
described above, see Fig.3.5.
The bandwidth within time modulation of light in the frames of each individual resolvable spot
related to spatial frequency is quantitatively equal to v/X, but the central frequency of time
modulation in each position is equal to (nv/X), where n is a whole number, which grows
proportionally to particular location of a resolvable spot of the space-integrating processor. The
signals from all the frequency resolvable spots should be converted at video-frequencies before
than they will be simultaneously processed by multi-channel time-integrating processor.
To fulfill this requirement one can use a pulsed light source with the pulse repetition frequency
v/X. When individual pulses are short enough, the time modulation of light source can be
approximated by a sum of the Dirac delta functions
X
m

δ(t − mX/v) = (v/X)

X

exp[(imv/X)t]

(3.3)

m

At the output of space-integrating system, the light amplitude is modulated by a product of
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functions described by Eqs.(3.2) and (3.3). Then, Eq.(3.3) shows that periodic pulse sequence of
light words includes all harmonic components of the main time frequency v/X. This is why the
modulating function with the central frequency nv/X will be mixed with the n-th harmonic
of a signal from the source of radiation on the n-th element of resolution, so that as a result
video-signals will be shaped on a photo-detector. Due to similar process takes place with all the
values of n, these video-signals will be produced for each individual element of resolution as well.
Thus, a multi-channel processor with the time-integrating realizes the Fourier transform with
a high resolution relative the obtained video-signals within each channel and averages (down
to the zero level) all high-frequency components. Finally, the folded spectrum of the signal
f(t) is formed at the output two-dimensional matrix of photo-detectors in a system with the
time-integrating.

3.3.1

Brief description of potential advantages peculiar to the spaceand-time integrating processor

Let us apply the algorithm of so-called chirpZtransform technique to the signal s(t). In so doing,
one can take, for example: v = v1 = v2 , Φ0 (t) = s(t)exp(ik1 t2 + ik2 t2 ), Φ1 (t) = exp(−ik1 t2 ) and
Φ2 (t) = exp(−ik2 t2 ). As a result the output function will have the form:

2

2

Z

g(x, y) = exp[−ik1 (x/v) −ik2 (y/v) ]x

s(t)exp[−2ik1 (x/v)t−2ik1 (x/v)t−2ik2 (y/v)t]dt (3.4)
Ti

Without the square-law phase term, the function g(x,y) can be considered as the Fouriertransform of the signal s(t), which has been calculated using the algorithm of chirpZtransform
with respect to both the space coordinates. The values k1 x/(2πv) and k2 x/(2πv) manifest
themselves as the frequency variables along the axes x and y, respectively, so that spectrum of
the signal s(t) will be displayed along the coordinates x and y. Maximal frequencies for the
spectrum inherent in the signal s(t) and presented along the axes x and y are equal to k1 D/(2πv)
and k2 D/(2πv), where D is the apertures of both the AOCs. If the factor k1 is chosen in such
a way that k1 D/(2πv) = ∆f for the signal s(t), the complete frequency spectrum of this signal
will be represented along the axis x with relatively low frequency resolution corresponding to
the conventional space-integrating spectrum analysis. This estimation is conditioned by the
fact that resolution is determined by the ratio of the frequency bandwidth ∆f to the number
M of pixels peculiar to the taken M x M CCD-matrix along the axis x, i.e. the frequency
resolution is characterized by the value ∆f /M . If together with this the factor k2 is selected as
k1 /M , one has arrived at the case when only a 1/M-part of a spectrum will be depicted along
the axis y for each individual position along the axis x. As a result, the frequency resolution
along the axis y becomes to be equal to the value ∆f /M 2 . These estimations are true under
condition that the time of integration Ti exceeds M 2 /∆f . By the way, such a combination of the
transformation along the axis x with relatively low resolution in a wide frequency bandwidth
with the transformation along the axis y with a high frequency resolution, but in a narrow
frequency bandwidth represents a two-dimensional folded spectrum or a two-dimensional (raster
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or pattern) for recording M 2 counts of one-dimensional Fourier-images of the signal s(t). Shaping
a one-dimensional spectrum along a pair of space coordinates within this architecture makes it
possible to display up to M 2 spectrum components, because the matrix of photo-detectors has
just M 2 pixels. Thus, this technique provides potentially a high frequency resolution together
with rather wide frequency bandwidth of the spectrum analysis. Finally, this processor produces
the resultant folded spectrum, which is subject to electronic post-processing. Generally, this
technique accumulates principal advantages of both space and time integrating acousto-optical
processors. In particular, with the typical value M = 103 similar system exhibits rather wide
frequency bandwidth ∆f , which is practically equal to bandwidth of the input piezo-electric
transducers of acousto-optical cells. The magnitude of ∆f can be estimated from 30 MHz to
about 1 GHz. Together with this similar system is able to provide a high frequency resolution
δf , which is practically equal to the reciprocal of the CCD-matrix photo-detector integration
time 1/Ti . Within optimal choosing of both the integration time Ti and the above-noted factors
k1,2 inherent in a pair of the frequency-chirp signals, one can vary the needed frequency resolution
δf from about 10Hz to 10KHz.

3.4

Preliminary characterization of selected components

One of the allowable practical realizations of the above-characterized optical scheme for the
triple-product acousto-optical processor, i.e. for a spectrum analyzer with the space-and-time
integrating, is presented as a prototype in figures 3.2 and 3.3.
The designed arrangement is localized on a 3 x 1 - feet optical breadboard and based on
specifically selected and optimized set of two-inch spherical and cylindrical lenses. The solidstate laser, allowing an external amplitude modulation with the frequency up to 250 MHz is
chosen as a point source of light due to its light output is arranged though a connector with a
span of the single mode optical fiber. The selected optical and mechanical components make it
possible to use of highly effective and specially designed wide-aperture AOCs. For this purpose,
in particular one can consider such spatially one-channel tellurium dioxide (T eO2 ) crystalline
AOC as the cell TED.30-75-50-633 (Brimrose Corp.) It has the transit time T ' 30µs, the optical
aperture 3 x 21 mm, the frequency bandwidth 50M Hz at the carrier frequency 75M Hz, so
that the time-bandwidth product is about 1500, see table . A crystalline AOC based on T eO2
(Brimrose Corp.) is presented in figure 3.6.
The CCD matrix camera DCU224 (Thorlabs) can be potentially considered as the timeintegrating multi-pixel (more than 106 pixels) photodetector due to its high dynamic range,
which allows imaging a wide range of light intensities. The camera and its performances are
presented in figure 3.7.
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Figure 3.6: Parameters of the AOC TED.30-75-50-633 and a crystalline AOC based on T eO2
(Brimrose Corp.)[28]

Figure 3.7: Parameters of the AOC TED.30-75-50-633 and a crystalline AOC based on T eO2
(Brimrose Corp.)[28]
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Lens Design

Really high performances can be achieved by the processor under consideration only with a highly
collimated light beams and with a perfect as possible quality of optical components. Moreover,
the imaging optics, i.e., spherical and cylindrical lenses, must be designed for operating near the
diffraction limit.
Due to the incident light of the experiment is non polarized, it is necessary to polarize before
entering to the acousto-optic crystals with linear state of polarization Using the polarization
rotation property between the diffracted and undiffracted light of an anisotropic acousto-optic
device the dynamic range can be improved by using polarization filtering.
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. To ensure the diffraction limit of all the components it were tested using the
software OSLO, from a theoretical lens its possible to estimate the cross section of the Fraunhofer diffraction pattern of a circular or rectangular aperture and then compare the spot with
the estimated by the software. From the ratio between them is possible to estimate the Strehl
ratio, which is the intensity at the central peak of the image of a point source, normalized to
that of the Airy diffraction pattern of an ideal lens. The Marchal criterion states that if the
Strehl ratio exceeds 0.8, a lens system may be described as diffraction limited . 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.
Oslo is a software for synthesis, analysis and optimization of mirrors. The light can be treated
as: -Geometrical approximation, in which light is treated as a ray, or the path of a photon.
-Physical mode of calculation, in which the light is treated as propagating of a wave front, and
the results take account of the effects of diffraction.
For our purpose we use the software Oslo to estimate the ”Strehl ratio” from a database of
cylindrical and spherical lenses. The selection corresponds to lenses of two inches diameter in
the case of spherical lenses and two inches square for cylindrical lenses, the considered wavelength
is 0.58756µm (the green helium-line).
With this program is possible to estimate the spot diagram that is a map of the pattern of rays
incident on the image from a single object point, using the ”geometrical approximation” which
ignores the wave nature of light. The coloured symbols in this diagram represent the distribution
in the image plane of rays which evenly fill the pupil from a single point on axis. The three
colour represent the three default wavelengths. The black circle represents the first minimum
of the Airy disc, which is the intensity in the image of a perfect lens of the same aperture, in
monochromatic light at the central wavelength.
The most important aspect of the diagram is that all the rays fall within this circle. This means
that the image quality at the focal point is ”diffraction limited i.e. limited by the wave nature
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Figure 3.8: Ray trace of a cylindrical lens using the software OSLO[28]

Figure 3.9: Spot diagram for a cylindrical lens with an aperture of 20 mm, diameter 50.8 mm,
focal length 250 mm and central wavelength equal to 0.58756µm
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Figure 3.10: Point spread function showing the Strehl ratio of the Thorlabs cylindrical lens equal
to 0.9949
of light and not by aberrations. At an aperture of 20mm the spot diagram is as followed.
The best focal plane to give the best image quality for the green light on axis is chosen to
optimize the RMS OPD (root mean square of the optical path difference). This focus find the
focal plane which minimize the RMS OPD and enter the necessary displacement as the thickness
for the image space.
The first bright ring around the central maximum can just been seen. The figure at the top
of the scale on the right: 0.9949 is the Strehl ratio, the intensity at the central peak of the
image of a point source, normalized to that of the Airy diffraction pattern of an ideal lens. The
Marchal criterion states that if the Strehl ratio exceed 0.8, a lens system may be described as
diffraction pattern”. Using the Strehl ratio is possible to estimate the best lenses, table 4.1
shows a comparison between different companies of lenses,
Company
Part
Strehl ratio Oslo Width Strehl ratio Zemax
Thorlabs AC508-250-A
0.9463
1.0567
0.991275
Newport
PAC088
0.9899
1.01022
0.992112
JML
DBL14170/100
0.9948
1.0052
0.928246
Linos
G322311000
0.99436
1.00564
0.953530
Ross
LAO268
0.994357
0.831658
0.831658

Width
1.0088
1.0079
1.20737
1.048734
1.202417

Table 4.1 Comparative table of different cylindrical lens with 2 inches of diameter and focal
length equal to 250 mm.
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Company
Part
Strehl ratio Oslo Width Streh ratio Zemax
Thorlabs AC508-300-A
0.9963326
1.03807
0.984867
Newport
PAC089
0.990888
1.009195
0.820735
JML
DBL14195
0.994827
1.005189
0.915545
Ross
LAOC269
0.992602
1.007453
0.91386

Width
1.015365
1.2184201
1.0922456
1.094259

Table 4.2 Comparative table of different cylindrical lens with 2 inches of diameter and focal
length equal to 300 mm.
Company
Part
Strehl ratio Oslo Width Strehl ratio Zemax
Thorlabs AC508-500-A
0.994665
1.005363
0.984616
Newport
PAC091
0.9971
1.00289
0.996042
JML
DBL14235
0.99549
1.00451
0.998083
Ross
LAOC271
0.99581
1.004192
0.998083

Width
1.015624
1.003973
1.001921
1.001921

Table 4.3 Comparative table of different cylindrical lens with 2 inches of diameter and focal
length equal to 500 mm.
To estimate better the Fraunhofer diffraction and estimate the best lenses, it is necessary to
estimate the point-spread function (PSF). When the irradiance Io(y,x) over the source element
dydz is 1W/m2 , the PSF is the profile of the resulting irradiance distribution in the image plane.
In a perfect diffraction limited optical system having no aberrations, the PSF would correspond
in shape to the diffraction figure of a point source at (y,z). The point spread function has a
functional form identical to that of the image generated by a δ (delta) pulse input. Its the
impulse response of the system whether optically perfect or not. In a well-corrected system the
PSF is the airy irradiance distribution function centered on the Gaussian image point[31].


2J1 (kasinθ)
I(θ) =
(kasinθ)

2
(3.5)

This intensity distribution is referred to as the airy patter, after George Biddell Airy (18011892), astronomer royal of England, who first derived it. Where sinθ = r/z, one can write the
Fraunhoffer diffraction pattern for a circular aperture as:

I(r) =

A
λz

2 

J1 (kwr/z)
2
(kwr/z)

2
(3.6)

Where A = πw2 , w is the radius of the aperture, r is the radius coordinate in the observation
plane, k is the wave number, z is the focal length, λ is the wavelength, and J1 is the Bessel
function.
For a rectangular aperture the Fraunhofer diffraction pattern is:
A2
I(x, y) = 2 2 sinc2
λz



2wx x
λz


sinc

2



2wy y
λz


(3.7)
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Figure 3.11: The point-spread function: the irradiance produced by the optical system with an
input point source
The constants wx and wy are the half-widths of the aperture, and A the area of the aperture is
A = 4wx 4wy
For the estimation of the best lens it was necessary to use the PSF function of the Zemax
software for all the lenses, and then compare with the theoretical one.
Using eq. (3.6) and (3.7) we can estimate the theoretical patterns of the Fraunhoffer diffraction for cylindrical and spherical lenses using the software Matlab, and then compare with the
estimated plots of the PSF of the Zemax program See figures 3.13, and 3.14.
The final selection of the lenses is as follow:
Company
Thorlabs
Newport

3.5

Type
Part
Description
Cylindrical lenses
AC508-250-A
D=2”, F=250mm
Cylindrical lens
AC508-150-A
D=2”, F=150mm
Shperical lenses
CKX300
50.8x50.8, F=300mm
Right angle prism
BRP-50.8-A
50.8mm
Linear polarizing glass filter
LPGF-2
D=50mm, 400-700nm

Quantity
2
1
2
2
2

Conclusions

From the above line of reasoning the AOC based on the specifically shifted cut of a tellurium
dioxide single crystal has been considered as an optimal choice, the model of estimating both the
frequency bandwidth and the spectral resolution had been developed. The frequency bandwidth
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Figure 3.12: Point spread function of a cylindrical lens, diameter of 50.8mm, focal length of
250mm

Figure 3.13: Simulation between the PFS and the Fraunhofer diffraction in the cylindrical
lenses, the continuous line correspond to the theoretical Fraunhofer diffraction, the dashed line
correspond to the Thorlabs lens, and the dotted line correspond to Linos company.[28]
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Figure 3.14: Simulation between the PFS and the Fraunhofer diffraction in the spherical lenses,
the continuous line correspond to the theoretical Fraunhofer diffraction, the dotted line correspond to the Newport lens, and the dashed line correspond to CVI Melles Griot company.[28]
was precisely calculated including the contributions from cubic terms in expansions related
to optical anisotropy of this material as well as from really high acoustic anisotropy in the
tellurium dioxide crystal leading to remarkable divergence for acoustic beams. The resolution
was descried using, in particular, corpuscular approach to this problem, which includes a look
at the uncertainty principle. During the performed experiments, the tellurium dioxide AOC,
produced with the specifically shifted crystalline cut providing the almost-shear acoustic wave
velocity of 0.65×105 cm/s, with the clear optical aperture of 40 mm operating within the radiosignal frequency range up to 100 MHz had been used. As a result of the realized optimization,
the frequency bandwidth of 65 MHz had been achieved.
Potentially an algorithm of the space-and-time integrating is desirable for a wideband spectrum
analysis with an improved resolution. Such an algorithm requires involving 1D-acousto-optic
cells as the input devices for a 2D-optical data processing. The performance data of this algorithm is based on exploiting the chirp Z-transform technique providing a 2D-Fourier transform
of the input signals. In fact, this system produces the folded spectrum, accumulating advantages
of both space and time integrating, because its frequency bandwidth is practically equal to the
bandwidth of transducers inherent in acousto-optical cells, while the frequency resolution, which
is practically equal to the reciprocal of the CCD-matrix photo detector integration time. Here,
the current state of designing the triple product acousto-optical processor in frames of hte instrumentation has been presented. The layout of simplified optical scheme has been demostrated,
and general schematic arrangements of the triple-product acousto-optical processor as well as
characterizations of a few key components are briefly discussed.
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Chapter 4
Time-bandwidth product of different
AO cell
The spectral resolution of the device is determined by the time-bandwidth product. It express
the maximal amount of resolvable spots, N, and is defined as the ratio of deflection angular
range to the angular resolution.
As in most astronomical spectrograph the disperser is a grating, and is ruled as more number
of grooves per mm, better the resolution. The spectral resolution is characterized as
R = λ/∆λ
Where ∆ λ is the resolution element, the difference in wavelength between two equally strong
(intrinsically skinny) spectral lines that can be resolved, corresponding to the projected slit
width in wavelength units.
In the AO cell, the limiting regime of light diffraction occurs with a large length L. In this case
the dynamic acoustic grating is rather thick, so that during the analysis of diffraction one has
to take account of the phase relations between waves in different orders. Such a regime can be
realized only when the angle of light incidence ΘB on a thick dynamic acoustic grating meets
the Bragg condition sinΘB = λ/2nΛ and inequality
Q = λL/Λ2  1

(4.1)

for the Klein-Cook parameter [20]. Usually, when an acoustic mode exited by the applied
electric signal, the Bragg regime includes the incident and just one scattered light modes, whose
normalized intensities are described by
I0 = cos2 (qz)

(4.2)

I1 = sin2 (qz)

(4.3)
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q = π(λcosB )−1

p
M2 P/2

(4.4)

Where z is the space coordinate almost along the light propagation, so that z ⊥ x1,2 ; P is the
acoustic power density, ρ0 = 6.0g/cm3 is the material density of a T eO2 -crystal, pef f is the
effective photo-elastic constants for light scattering, and n is the averaged effective refractive
index of a crystalline material. The Bragg regime is preferable for practical applications due to
an opportunity to realize a 100% efficiency of light scattering by the acoustic wave.
One of the important parameters peculiar to signal processing is the time bandwidth product,
which characterizes either the degree of complexity inherent in admissible signal or performance
data of optical system. The frequency bandwidth of a cell depends on the chosen regime of
acousto-optical interaction light scattering. Assuming the simplest case of a one-fold normal
light scattering, the frequency bandwidth can be obtained from the above-mentioned Bragg
condition as ∆f = 2nV 2 /(λLf0 ), where, f0 is the central acoustic frequency in a range. Then,
the expected frequency resolution of acousto-optical cell is determined by the formula δ ' V /D.
However, the time of passing the acoustic wave front through a cell (or the transit time) can be
estimated as T = 1/δf ' d/V . Consequently, the time bandwidth product is given by
T ∆f =

2nV D
=N
λLf0

(4.5)

where N is the number of resolvable spots peculiar to this AOC in a scheme for spectrum
analysis with the space integrating. There are a few factors limiting the number of resolvable
spots as a function of the frequency. The first of them is Eq.(4.5) by itself, where one can assume
∆f ' f0 /2 with the aperture D as an additional free parameter, so that
N1 ≤

Df
D
∆f =
V
2V

(4.6)

The acoustic beam divergence as it passing through the light beam gives the second geometrical
limitation of the number N. The condition, bounding the piezoelectric transducer length (or
what is the same the initial length of acousto-optical interaction) L with the distance to the
point of half power level in the near-field zone of acoustic wave, being practically equivalent to
D, is D = L2 f0 /(2V ). Then, the Bragg regime of a one-phonon light scattering is provided when
the Klein-Cook parameter Q = (2π/n0 )(λLf02 /V 2 ) exceeds 2π. Therefore, one can estimate that
L = n0 QV 2 /(2πλf02 ) with the fixed magnitude of Q as the case requires choosing. Substituting
two last expressions for D and L into Eq.(4.6), one yields
N2 ≤

n20 Q2 V 2
16π 2 λ2 f02

(4.7)

The third limitation is connected with the acoustic attenuation. It can also be represented as
function of the central acoustic frequency f0 . Let us use the factor Γ of acoustic attenuation
expressed in dB/(cm GHz 2 ), so that a B-[dB] per aperture is acceptable, the size of allowable
aperture is equal to D 6 BΓ−1 f0−2 . Substituting this formula into Eq.(4.6), one can find
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Figure 4.1: The combined diagram illustrating effect of a triplet of the restricting factors in a
lead molybdate cell. The solid slowly growing lines are related to N1 , the chosen apertures D
are equal to 4, 5, 6, and 7 cm. The dashed line regards to N2 in the cases of Q = 2π and
Q = 3π. The solid hyperbolic-like falling curves illustrate N3 and reflect contributions of the
acoustic attenuation; the attenuation factors B are equal to 4,5 and 6 dB along the aperture.[30]

N3 ≤

B
2γV f0

(4.8)

Thus, the number N of resolvable elements (spots) or, what is the same, the TBWP is restricted
by a triplet of the above-mentioned independent limitations. In the particular case of a onephonon normal light scattering in lead molybdate crystal, one can take the following set of the
rather effective and available materials.

4.0.1

Lead Molybdate (P bM oO4 )

The values inherent in this crystalline material, when the longitudinal elastic mode produces the
acoustic beam along the [001] axis of that crystal, are: V = 3.63 × 105 cm/s, λ = 532nm, n = 2.3
and Γ = 15dB/(cmGHz 2 ). The numerical estimations have been realized for the apertures
D = 4, 5, 6, 7cm; the attenuation factors along the full aperture B = 4, 5, 6dB/aperture, and
the Klein-Cook parameters Q = 2π and Q = 3π, see Fig.4.1. One can see that a tellurium
dioxide acousto-optical cell with D=5cm, Q > 2π and B < 5 dB/aperture is capable to provide
N ' 2000 resolvable spots in a one-phonon optimized anomalous light scattering regime at a
frequency f0 of about 220 MHz.
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Figure 4.2: The combined diagram illustrating effect of a triplet of the restricting factors in a
tellurium dioxide cell. The solid slowly growing lines are related to N1 , the chosen apertures D
are equal to 4, 5, 6, and 7 cm. The dashed line regards to N2 in the cases of Q = 3π. and
Q = 4π. The solid hyperbolic-like falling curves illustrate N3 and reflect contributions of the
acoustic attenuation; the attenuation factors B are equal to 4,5 and 6 dB along the aperture.[30]

4.0.2

Tellurium dioxide crystal (T eO2 )

Within a one-phonon light scattering in tellurium dioxide crystal, one can choose the normal
process of acousto-optical interaction when the longitudinal elastic mode produces the acoustic
beam along the axis of that crystal. In this case, which competes with previously estimated
case based on exploiting a lead-molybdate crystal based AOC, the following values: V = 4.2 ×
105 cm/s, λ = 633nm, n = 2.26 and Γ = 10dB/(cmGHz 2 ) are inherent in a T eO2 crystal.
The needed numerical estimations have been done for the optical apertures D = 4, 5, 6, 7cm;
the attenuation factors along the full aperture B = 4, 5, 6dB/aperture, and the Klein-Cook
parameter Q = 3π and Q = 4π. One can see in Fig.4.2 that, for example, a tellurium dioxide
AOC with D=4cm, Q > 3π and B < 4 dB/aperture, is capable to provide N ' 1500 resolvable
spots at f0 ' 320M Hz, while with D=5cm, Q > 4π and B < 6 dB/aperture, the same cell is
capable to provide N ' 2000 resolvable spots at f0 ' 350M Hz.

4.0.3

Gallium Phosphide (GaP)

The case of GaP-crystal is connected with the normal process when the longitudinal elastic
mode produces the acoustic beam along the [110] axis, so that the following values inherent in
this crystalline material: V = 6.32 × 105 cm/s, λ = 671nm, n = 3.31 and Γ = 6dB/(cmGHz 2 ).
The needed numerical estimations have been found for the apertures D = 3, 4, 5, 6, 7cm; the at-
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Figure 4.3: The combined diagram illustrating effect of a triplet of the restricting factors in a
gallium phosphide cell. The solid slowly growing lines are related to N1 , the chosen apertures
D are equal to 3,4, 5, 6, and 7 cm. The dashed line regards to N2 in the cases of Q = 2π. and
Q = 3π. The solid hyperbolic-like falling curves illustrate N3 and reflect contributions of the
acoustic attenuation; the attenuation factors B are equal to 4,5 and 6 dB along the aperture.[30]
tenuation factors along the full aperture B = 4, 5, 6dB/aperture, and the Klein-Cook parameter
Q = 3π, 4π, see Fig.4.3 One can see that, for example, a gallium phosphide acousto-optical cell
with D=5cm, Q > 2π and B ' 4.5 dB/aperture, is capable to provide N ' 1500 resolvable
spots at f0 ' 400M Hz, while with D=7cm, Q > 2π and B ' 5.5 dB/aperture, is capable to
provide N ' 2000 resolvable spots at f0 ' 350M Hz.
These estimations have demonstrated that in each considered case the number of resolvable spots,
which is equivalent to the TBWP, does not exceed the values 1500 - 2000. With some reasonable
restrictions, one can consider these magnitudes as the natural limitation conditioned by various
peculiarities of physical processes inherent in the normal regime of light scattering.

4.1

Anomalous Bragg light scattering ina crystalline material

Within normal Bragg interaction, an exact Bragg matching occurs at one frequency. Available frequency bandwidth is achieved by momentum-matching the distribution of acoustic plane
waves generated by the finite-length piezoelectric transducer. Wider bandwidth is achieved by
reducing the length of that transducer to create a larger distribution of acoustic wave vectors.
The utility of this design technique is limited because the efficiency of the deflector is propor-
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Figure 4.4: Vector diagram for a non-degenerated anomalous light scattering: the standard (a)
and a wide bandwidth (b) arrangements.[18]
tional to the piezoelectric transducer length. Within anomalous light scattering in a birefringent
medium, an acoustic mode is used, which couples an extraordinary optical mode to an ordinary
optical mode. For this technique Bragg matching over a large frequency bandwidth is possible without resorting to unacceptable small transducer lengths and hence low efficiencies. The
standard phase-space representation of anomalous Bragg interaction is shown in Fig.4.4a for a
positive uniaxial crystal. The refractive index ellipsoid consists for two surfaces, i.e. for two
independent and polarized orthogonally to one another optical plane-wave states are allowed
in the birefringent material. One state, the ordinary wave, is characterized by a directionally
invariant main refractive index nO . The other state, extraordinary wave is characterized by a
directionally variant refractive index ne . In fact, the optical normal surface of uniaxial crystal
consists of a pair of the surfaces. One of them is a sphere of radius 2πnO /λ, while another is an
ellipsoid of revolution. Within the standard approach to the non-degenerated anomalous light
scattering in an anisotropic medium, the acoustic wave vector K is arranged to lie tangential to
the optical normal surface of the birefringent crystal. Hence, this interaction geometry is often
referred to tangential phase matching. With this scheme, the Bragg matching occurs over a
larger frequency range that available from normal interaction in an isotropic medium where the
acoustic wave vector K bisects the optical normal surface. Additional frequency bandwidth is
available by moving the acoustic wave vector parallel to itself away from the tangential condition
2, so that it lies on a line optimal matching constructed parallel to the tangent. Within this new
arrangement with the same transducer plane, two acoustic wave vectors K1 and K2 intersect the
optical normal surface, as it is shown in Fig.4.4b.
Hence, exact Bragg matching is achieved at two frequencies instead of one. This fact results in
a symmetric bandshape, peaked at frequencies nominally equidistant from the center tangential
matching frequency. To achieve an equal-ripple bandshape over a bandwidth ∆fA , the optimal
matching line is placed a distance ∆KO away from the tangential line, so that it bisects the
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angular divergence of acoustic wave vectors 2∆KO . Using geometrical arguments, the range of
acoustic wave vectors within the frequency bandwidth ∆fA of the deflector ∆K = 2π∆fA /V
can be written as
∆K
=
2

q
p
2
kD
− (kD − 2∆KO )2 ' 4kD ∆KO

(4.9)

Here, the term ∆KO2 is omitted, as it is about three orders of magnitude smaller than kD . The
relation between an intermediate length K of the acoustic wave vector and the full angle of
acoustic beam divergence ϕ ' Λ/L is 2∆KO ' Kϕ, when tanϕ ' ϕ. Using the above-noted
expression for ∆K and the usual formula kD = 2πnD /λ, one can find from Eq.(4.9) that

LO =

8nD V 2
λ(∆fA )2

(4.10)

where the frequency bandwidth ∆fA is still not determined. Together with this, and the relation
∆f = 2nV 2 /(λLf0 ) gives L ' 2nD V 2 /[λ(∆fN )fC )]. Comparing this expression with Eq.(4.10)
with ∆fA = ∆fN , one can obtain the ratio LO /L ' 4fC /(∆fN ). For example, in widely
used particular case of ∆fN /fC ' 1/2, the piezoelectric transducer can be about eight times
longer. (This length, of course, is twice the length of the transducer required to achieve the
same bandwidth when tangential matching condition is used). If visa verse LO = L, one can
find
(∆fA )2 = 4fC ∆fN

(4.11)

so that a significant bandwidth advantage is possible with the optimized anomalous light scattering in comparison with normal one under condition of LO = L.

4.2

Estimating the TBWP of AOC operating in the nondegenerated anomalous light scattering regime

From Eq.(4.9), one can express the frequency bandwidth ∆fA for anomalous light scattering
as
∆fA ' 2V

p
2n/(λL)

(4.12)

where LO = L is the initial length of acousto-optical interaction. Then, Eq.(4.5) gives
N = T ∆fA ≤

p
D
∆fA = 2D 2n/(λL) ≡ N1
V

(4.13)
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The frequency dependence is absent, but now one has the contribution of the piezoelectric
transducer length L. Let us estimate the anomalous light scattering bandwidth using the abovenoted approximation for the normal light scattering bandwidth by ∆fN /fC ' 1/2. One can find
from Eq.(4.11) that
p
√
4fC ∆fN ' fC 2
p
√
fC ' ∆fA / 2 = 2V n/(λL)
∆fA =

(4.14)
(4.15)

Equation (4.15) makes it possible to determine the border frequencies fmin and fmax inherent in
this bandwidth as
√
2/2] ' fC (1 − 0.707) = 0.293fC
√
= fC + (∆fA /2) = fC [1 + 2/2] ' fC (1 + 0.707) = 1.707fC

fmin = fC − (∆fA /2) = fC [1 −

(4.16)

fmax

(4.17)

Broadly speaking, estimations associated with these formulas can lead to appearing technical
problem of matching the piezoelectric transducer with electronic circuits in rather wide frequency
bandwidth exceeding an octave. This aspect can be illustrated by the following numerical
example. Within a one-phonon light scattering in tellurium dioxide (T eO2 ) crystal in the
non-degenerated anomalous regime, one can choose the process exploiting the slow shear elastic
mode along the [110] axis of that crystal, so that in this case v = 0.65 × 105 cm/s, λ = 633nm,
n0 = 2.26, and L = 0.5cm. Using Eqs. 4.14-4.17, one can calculate ∆fA ' 49.1M Hz and
fC ' 34.74M Hz, which lead to fmin ' 10.2M Hz and fmax ' 59.3M Hz. The obtained set
of characteristic frequencies promises rather low contribution from acoustic attenuation, but
exhibits the relative frequency width fmax /fmin ∼
= 2.5, i.e. close to 2.5 octaves. However, for the
taken set of material parameters, estimating the Klein-Cook parameter at the frequency fm in '
2
10.2M Hz gives Q = (2π/n)(λLfmin
/V 2 ) ' 2.167 < 2π, which does not provide the Bragg
regime of light scattering at fm in. To avoid difficulties within a wide-band electronic matching
and to increase the Klein-Cook parameter up to 2π or more the central carrier frequency has to
be increased. Technically, such a step leads, in particular, to decreasing the relative frequency
bandwidth and facilitates the process of wide-band electronic matching. This is why one has
to increase the triplet of the characteristic frequencies fC , fmin , and fmax up to FC , Fmin , and
Fmax , but to save the previously obtained frequency bandwidth ∆fA . Considering Klein-Cook
(0)
parameter as a criterion, one can take a new minimal frequency Fmin = 20M Hz, which leads to
(0)
Q ' 8.33 > 2π, i.e. exhibits almost the border minimal frequency. With such a new Fmin , one
can find the following new values
(0)

(0)

FC = Fmin + (∆fA /2) ' 44.5M Hz

(0)

(0)
Fmax
= Fmin + ∆fA ' 69.1M Hz

(4.18)

(4.19)
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(0)

Due to the bandwidth ∆fA is usually wide enough one has to use the new border values Fmin ,
(0)
and Fmax to estimate the effects of acoustic beam divergence and acoustic attenuation. As
before, the acoustic beam divergence, as it is passing through the light beam, conditions the
second geometrical limitation for the number N of resolvable spots. Using all the previously
formulated arguments, one can write the modified formulas, which are similar to Eqs.(4.7) and
(4.8), expressed in terms of a new central frequency FC , in particular of the border frequency
(0)
FC , and the bandwidth ∆fA as

N2 ≤ (∆fA )

n20 Q2 V 2
2n
n20 Q2 V 3
=
2
2
3
2
2
3
8π λ [FC − (∆fA /2)]
4π λ [FC − (∆fA /2)] λL

N3 ≤

B
2n
D
(V fA ) =
2
V
ΓV [FC + (∆fA /2)] λL

(4.20)

(4.21)

Thus, the number N of resolvable spots or, what is the same, a value of the TBWP is again
restricted by a triplet of the above-mentioned independent limitations. Using the above-taken
set of data for a T eO2 -cell with F ( 0)m in = 20M Hz and Q ' 8.33, one can find from Eqs.(4.13),
(4.20), and (4.21) that

B = 6dB, D = 5.25cm, N1 ≤ 3970, N2 ≤ 29100, andN3 ≤ 6920;

(4.22)

B = 8dB, D = 7.0cm, N1 ≤ 5300, N2 ≤ 29100, andN3 ≤ 9230;

(4.23)

One can see that now the Klein-Cook parameter Q provides the Bragg regime of light scattering
at the frequency F ( 0)min , while the relative frequency width F ( 0)max /F ( 0)min ∼
= 1.5 is much
smaller, so that technical problem of matching the piezoelectric transducer with electronic circuits in rather wide frequency bandwidth does not appear. As a result, one can expect that the
TBWP will be able to reach of about: (a) 4000 or (b) 5000, as the case requires.
Nevertheless, from the viewpoint of increasing the dynamic range of a system the requirement for
the Klein-Cook parameter Q can be raised, sometimes even at the cost of involving an increased
acoustic attenuation. Let us slightly modify the previous example and take L1 = 0.3cm, D =
(1)
4.0cm, and B1 = 10dB. With this in mind, one can find Q = (2π/n)[λL1 (Fmin )2 /V 2 ] ' 18
(1)
(1)
(1)
(more than 2 times higher than before), Fmin = 38M Hz, FC = 70M Hz, ∆fA ' 64M Hz,
and F ( 1)m ax. Consequently, one yields: N1 ≤ 3940,, N2 ≤ 30640, and N3 ≤ 3940. In this
case the TBWP will be able to reach approximately a 4000-level at the higher central frequency
70M Hz.
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Figure 4.5: Brimrose TeO2 acousto-optical cell (a) and frequency response versus the input
acoustic frequency of the acousto-optical cell (b)[18]

4.3
4.3.1

Experimental data
T eO2 cell

Testing the optical system of an advanced prototype had been carried out with the Bragg cell,
made of tellurium dioxide (T eO2 ) crystal (Brimrose Corp.), which has an active optical aperture
of about 40 x 2 mm mm. Within operating at the optical wavelength of 633 nm with linear
state of the incident light polarization on the central acoustic frequency of about 75 MHz, this
cell provides the deflection angle of about 3 angular degrees and allows a maximum input acoustic
power of about 1.0 W. The acoustic wave velocity can be estimated by V ' 0.65×105 cm/s.
Figure 4.5. shows the experimental plot for the frequency response inherent in the T eO2 cell.
One can observe the characteristic variations of efficiency at a top of the experimental plot.
This oscillation is motivated by some uncoupling of both active and reactive parts of the cells
impedance at different frequencies. Each maximum of efficiency is potentially corresponding
to better matching of impedance at the takes radio-wave frequency. Practically obtained nonuniformity of the frequency characteristic is equal to about 23% (i.e. less than -1.5 dB).
Total experimental frequency bandwidth at a -3 dB-level has been estimated by ∆fexp ' 65.5
MHz.

4.3.2

Isotropic Flint glass cell

For the purpose of testing the optical system preliminary, the AOM-80 Bragg cell (Intra Action
Corporation) had been exploited. This cell is made of the isotropic flint glass (V = 3.96 × 105
cm/s) and has a clear aperture of about D = 0.61 cm, can see Fig. 4.6a. Originally, its
frequency range lies between 50 and 95 MHz with the central frequency of about 63 MHz.
For the purpose of the experiment the measurements are between 62MHz and 69 MHz. In
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Figure 4.6: The flint-glass Bragg acousto-optic cell AOM-80 (IntraAction Corp.) (a) and frequency response versus the input acoustic frequency of the acousto-optical cell (b)[18]

Figure 4.7: Experimented mount on the laboratory to estimate the frequency bandwidth

connection with this, the angle is equal to 5.2 mrad, which is centered at the angle of 13.9
mrad from the transmitted light beam. Using a violet laser with λ =(473 nm) The signal was
received in Linear CCD Camera Thorlabs LC1-USB 2.0. The amplitude characteristic for this
cell is depicted in fig. 4.6b.
Theoretical calculation for the frequency resolution inherent in this flint-glass cell gives δf =
V /D ' 650 KHz. Experimentally, the measurement of estimate the central bandwidth of the
flint-glass Bragg cell was made with the next arrangement.
Using equations 4.2 and 4.3 one can see the normalized intensity of the diffracted beam. Since
the normalized intensity of the diffracted beam, Id can be expressed as:
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Figure 4.8: Amplitude behaviour at a frequency of 62 MHz for order and first order.

h u i2 sin2 [p(q 2 + (u /2)2 )]
1
i
Id = 1 − Ii =
2
2
q + (u1 /2)2 )

(4.24)

Where Ii is the intensity of the incident optical beam. When the Bragg condition is satisfied,
θ0 = θB and thus q = 0; the diffracted beam intensity is maximized (Idm ) and eq. 4.24 reduces
to:

Idm = sin2

h u i2
i

2

(4.25)

The Bragg diffraction can result in 100% diffraction efficiency, for u1 = π the normalized intensity Idm is equal to 1. While the Raman-Nath the maximum normalized diffracted beam intensity
or maximum diffraction efficiency possibly is 33.6%. The limited diffraction efficiency in conjunction with the appearance of multiple diffracted order restricts the usefulness of Raman-Nath
devices.
The next plots demonstrates that the higher order of scattering exhibit approaching the maximum efficiency (equal or very close to 100%). Thus one can conclude that it is worthwhile to
consider just the highest orders of scatttering as preferable ones from the viewpoint of practical
applications to acousto-optical spectrum analysis with an improved resolution. The zero orther
doesn’t have any influence but the first order win all the energy, that means that it have all the
power, and we want that for the next orders that we are working with.
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Figure 4.9: Amplitude behaviour at a frequency of 63 MHz for order and first order.

Figure 4.10: Amplitude behaviour at a frequency of 64 MHz for order and first order.
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Figure 4.11: Amplitude behaviour at a frequency of 65 MHz for order and first order.

Figure 4.12: Amplitude behaviour at a frequency of 66 MHz for order and first order.
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Conclusions
The triple product processor reflects an indispensable step to practical design of similar processor. A reasonable part of this discussion is devoted to practical design of the schematic
arrangement based on two-inch optics and wide aperture spatially one channel tellurium dioxide
crystal based AOCs. Then, The AOCs, exploiting so-called fast cut in tellurium-dioxide (T eO2 )
crystals, has been characterized and estimated from the points of views related to their acoustooptical parameters and the expected acoustic attenuation, which can potentially affect the shape
of each individual resolvable spot at the output plane and, consequently, the dynamic range of
processing. The algorithm of space-and-time integrating will be realized to provide spectrum
analysis of low-level signals in a wide frequency bandwidth with an improved spectral resolution.
The AOC based on the specifically shifted cut of a tellurium dioxide single crystal has been
considered as an optimal choice, and its time-bandwidth product has been analysed theoretically
and measured experimentally. In so doing, the model of estimating both the frequency bandwidth
and the spectral resolution had been developed. During the performed experiments, the tellurium
dioxide AOC, produced with the specifically shifted crystalline cut providing the almost-shear
acoustic wave velocity of 0.65 × 105 cm/s, with the clear aperture of 40 mm operating within
the radio-signal frequency range up to 100 MHz had been used. As a result of the realized
optimization, the frequency bandwidth of 65 MHz had been achieved, so that experimental
estimation for the obtained time-bandwidth product was about 4000.
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Chapter 5
Apodization
The term apodization refers to the process of suppressing hte secondary maxima (side lobes) or
feet of a diffraction pattern. In the case of a circular pupil, the diffraction pattern is a central
spot surrounded by concentric rings. The first ring has a flux density of 1.75% that of the
central peak. About 16% of the light incident on the plane is distributed in the ring system.
The presence of htese side lobes can diminish the resolving power of an optical system to a point
where apodization is called for, as is so often the case in astronomy and spectroscopy.
For example, the star Sirius, which appears as the brightest star in the sky (it’s in the constellation Canis Major), is actually one of a binary system. It’s accompanied by a faint white dwarf
as they both orbit about their mutual center of mass. Because of the tremendous difference of
brightness (104 to 1), the image of the faint companion, as viewed with a telescope, is generally
completely obscured by the side lobes of the diffraction pattern of the main star.

5.1

A multi-prism beam expander

Practically important factor determining the energy in optical scheme of acousto-optical spectrometer is related to matching the initial size of laser light beam with the optical aperture of a
large-aperture acousto-optical cell in the plane of light scattering. To realize a one-dimensional
expanding of the laser beam together with its Gaussian apodization one can exploit a multiprism beam expander. Such a device can be designed relatively simply and compact even with a
large factor of expanding and, what is very important, can be done tunable in behaviour. Using
the well-known relation for the light refraction [37] by the first facet, i.e. the border between air
and glass sinϕ = nsinδ, where nis the refractive index of a glass, one can obtain from Fig.5.1
the factor of spatial beam expanding in the geometrical optics approximation
d1
=
B1 =
d0

p
(n2 − sin2 ϕ)[1 − n2 sin2 (α − δ)]
ncosϕcos(α − δ)
87
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Figure 5.1: Light beam with a rectangular profile passes through an arbitrary sharp-angle prism
[28]

Figure 5.2: Passing the light beam with a rectangular profile through a pair (m=2) of the
Littrow prism; α = 30o [28]


δ = arcsin

sinϕ
n


(5.2)

Due to the following simple relations for segments: A0 C0 = t0 c/n0 , O0 B0 = t0 c/n1 , and C1 A1 =
t1 c/n0 , B1 O1 = t1 c/n1 where t0 and t1 are time intervals, one can, as usually, conclude that
the segments d0 , b0 and d1 , b1 represent in Fig.5.1 a pair of the corresponding in-phase surfaces.
In the simplest case, when all the glass prisms are identical to each other and the angles ϕ
of incidence are the same for all of them, one can write Bm = (B1 )m and obtain the needed
expanding. Involving, in particular, even number of so-called Littrow prisms (i.e. the right-angle
prisms 30o −60o −90o ), the beam direction can be saved with an accuracy of some spatial parallel
shift, see Fig.5.2 That is why the numbers m = 2,4 will be taken for consideration here.
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Figure 5.3: An infinite Gaussian profile passing through a single Littrow prism (30o − 60o − 90o )

Figure 5.4: Expander with a diaphragm [28]

5.2

An opportunity for Gaussian apodization by a multiprism expander

Equation 5.1 means that initially in-phase beam with a Gaussian intensity profile, whose full
width can be estimated at a given level (for instance, at a level of e−1 ), will be expanded by a
suitable prism in the same proportion Bm = dm /d0 on the given intensity level as well due to
using an approximation of the geometrical optics, see Fig.5.3.
Equation (5.1) determines practically important dependence of Bm and dm on the angle ϕ of
light incidence on the input facet of a beam expander. The plot describing the linear beam
expansion by two sets including m=2,4 equivalent Littrow prisms with n=1.5 and α = 30o are
presented in Fig.5.2. It is seen that the corresponding angles ϕ of incidence become to be rather
large for Bm lying for example, in a range of 20-60.
Let the normalized initial light intensity distribution for Gaussian beam in physical coordinates is
2
−1
characterized by
x20 = 1,
√ Iin = exp(−2σ0 x0 ), so that an intensity level of−1e can be reached at 2σ0p
i.e. at x0 = 1/ 2σ0 . The full width of this beam at a level of e is equal to d0 = 2x0 = 2/σ0 ,
while σ0 = 2/d20 . If now this beam will be expanded by Bm = dm /d0 times, one can write the
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Figure 5.5: Linear expansion Bm providing by two sets of the Littrow prisms with m=2,4
n=1.5 and α = 30o [26]
2
2
output light intensity
p distribution Iout = exp(−2σm xm ) and then obtain xm = Bm x0 , σm = 2/dm ,
and dm = 2xm = 2/σm . After that one can take into account the diaphragm, whose window
is equal to D in physical coordinates, and then introduce the normalized coordinates y0 = x0 /d0
2
and ym = xm /D. In so doing, one yields Ii n = exp(−2β0 y02 ) and Io ut = exp(−2βm ym
), where
2
2
2
2
β0 = σ0 d0 = 2 is the input factor and βm = σm D = 2D /dm is the apodization factor. One
can see that βm = 2 with dm = D providing an intensity level of e−1 .Then, one can explain
2
, where the ratio d = D/d0 represents the
the apodization factor as βm = 2(D2 /d2m ) = 2d2 /Bm
relative output diaphragm. Dependences of the apodization factor βm on the linear expansion
Bm for various magnitudes of the relative output diaphragm d are shown in Fig.5.6. It is seen
2
that, when d2 = Bm
, every time one arrives naturally at βm = 2.

5.3

Gaussian apodization of the incoming light field distribution along an aperture of the acousto-optical cell
with acoustic losses

Now, we make an attempt to describe the effect of apodization for the incoming light beam
on the potential dynamic range of acousto-optical spectrum analyzer. To take into account the
contributions from the acoustic losses we shift the origin of the physical coordinate x across a
beam so that the magnitude x=0 will be associated with the plane of piezoelectric transducer in
an acousto-optical cell. In fact, this means that we replace x by x-0.5D, where D is the physical
cells aperture measured in centimeters. One can suppose that the electric field amplitude profile
A(x), inherent in the issuing beam of a gas laser and reaching the acousto-optical cell aperture,
is usually close to the Gaussian shape[38], see Fig.5.7 At this step, let us put b=0 in that figure,
so that one can write (in both real and dimensionless variables) that
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Figure 5.6: Apodization factor βm versus the linear expansion Bm for various relative output
diaphragms d

Figure 5.7: Optical arrangement of lighting the acousto-optical cell[34]
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Figure 5.8: Role of the profile parameter β [34]

A(x) = A0 exp[−σ(x − x0 )] = A0 exp[−β(y − 0.5)2 ]

(5.3)

I(y) =| A20 | exp[−2β(y − 0.5)2 ]

(5.4)

Here, y=x/D is the normalized dimensionless coordinate along the aperture D, so that y ∈
{0, 1}, while σ and β = σD2 are physical and dimensionless input profile parameters for the Gaussian function, whose variations with the input profile parameter are depicted in Fig.5.8.
Taking into account the acoustic attenuation, one can find the magnitudes of the following light
intensities.
Z

∞

IT =

2

r

exp(−2βy )dy =
−∞

Z

1
2

exp[−2β(y − 0.5) ]dy =

I0 =
0

Z
IA =
0

1

exp[−2β(y−0.5)2 ]exp(−2α0 y)dy =

1
2

r

r

π
2β

π
Erf
2β

(5.5)
r

β
2

(5.6)







π
α0 (α0 − 2β)
α0 + β
α0 + β
√
√
exp
Erf
− Erf
2β
2β
2β
2β
(5.7)

Here, the dimensionless amplitude parameter α = αD describes now the total amplitude acoustic
losses along the optical aperture of a cell, because α[cm−1 ] = 0.115α[dB/cm]. The ratio IA /It
represents the coefficient of utilization for the total incident light intensity IT . One can see from
Eqs.5.4, 5.5 and 5.6 that the ratio IA /It grows, while the absolute level IA of light intensity
decreases as the apodization parameter β grows.
The shape of light field distribution A(u) peculiar to an individual resolvable spot in the Fouriertransform plane, i.e. in a focal plane of the integrating lens, where the spatial dimensionless

5.3. GAUSSIAN APODIZATION OF THE INCOMING LIGHT FIELD DISTRIBUTION ALONG AN APE

Figure 5.9: Plot of the optical intensities a) the ratio IA /IT b) at the absolute level IA [34]
coordinate u is centered on a maximum of that distribution, can be estimated analytically
as
Z

1

exp[−β(y − 0.5)2 ]exp(−α0 y)exp(−2iπuy)dy
0






r
(α0 + 2πiu)(α0 + 2πiu − 2β)
α0 + 2πiu + β
1 π
α0 + 2πiu − β
√
√
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=
− Erf
2 β
4β
2 β
2 β
(5.8)
A(u) =

1
A(u = 0) =
2

r
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α0 (α0 − 2β)
α0 + β
α0 − β
√
√
exp
Erf
− Erf
β
4β
2 β
2 β

(5.9)

Using Eqs.(5.8) and (5.9), the normalized distribution I(u) of light intensity peculiar to an
individual resolvable spot in a focal plane of the integrating lens can be written as
I(u) = A(u)A∗ (u)A−2 (u = 0)

(5.10)

Generally, u = W D/λFL , where is the physical spatial coordinate in the focal plane and FL
is the focal distance of the integrating lens. In the particular case of β = 0, Eq.(5.10) can be
simplified as
I(u, β = 0) =

sin2 (πu) + sinh2 (α0 /2)
[1 + (2πu/α0 )2 ] sinh2 (α0 /2)

(5.11)

Figures 5.10 and 5.11 illustrates the dependence of light intensity distributions in the Fourier
transform plane using the profile parameter as a parameter curve families for various magnitudes
of the dimension-less loss factor α0 = αD.
In particular, Fig. 5.10a illustrates the tendencies of redistributions for light intensity profiles
in the Fourier transform plane with varying the profile parameter β in a lossless regime.
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Figure 5.10: Plots of the light intensity I(u) for various β and α0 with a) α0 = 0 and b)
α0 = 3 dB[34]

Figure 5.11: Plots of the light intensity I(u) for various β and α0 with a) α0 = 6 dB and
b) α0 = 10 dB[34]

5.4. SHIFTED GAUSSIAN APODIZATION OF THE INCOMING LIGHT FIELD DISTRIBUTION ALONG

5.4

Shifted Gaussian apodization of the incoming light
field distribution along an aperture of the acoustooptical cell with acoustic losses

Due to obvious asymmetry of the combined distribution connected with the incident Gaussian
light intensity profile from a laser, which usually centered on the cells aperture, and the acoustic
power monotonously decreasing along that aperture because of losses, one can suggest shifting
the incident light beam to minimize side lobes of an individual spot in a Fourier plane. In
so doing, one can modify Eq.(5.3) and (5.4) via introducing an additional small dimensionless
parameter b of a shift (| b |< 0.5), see Fig 5.7, as
A(y) = A0 exp[−β(y − 0.5 + b)2 ]

(5.12)

As a result one yields the following light intensities

Z

∞

1
IT =
exp[−2β(y − 0.5 + b)2 ]dy =
2
−∞

1
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exp[−2β(y − 0.5 + b)2 ]exp(−2α0 y)dy

0

1
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exp
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− Erf
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(5.15)

The shape of light field distribution A(u)peculiar to an individual resolvable spot in the Fouriertransform plane, i.e. in a focal plane of the integrating lens where the spatial dimensionless
coordinate u is centered on a maximum of that distribution, can be estimated analytically
as
Z
A(u) =
0

1

exp[−β(y − 0.5 + b)2 ]exp(−α0 y)exp(−2iπuy)dy =
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Figure 5.12: Plots of the light intensity I(u) for a curve family β = 4, b > 0 in the particular
cases: a) β = 4, α0 = 0.345(i.e.3dB) and b) β = 4andα0 = 0.69(i.e.6dB) [26]
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which is real-valued in behaviour. Using Eqs.(5.16) and (5.17), the normalized distribution I(u)
of light intensity peculiar to an individual resolvable spot in a focal plane of the integrating lens
can be rewritten with Eq.(5.10). At first, it is seen from Eq.(5.10) with Eqs.(3.13) to (3.17) that
the presence of a shift b 6= 0 does not perturbed the symmetry of light distribution inherent in
an individual resolvable spot in a focal plane of the integrating lens. Than, one can demonstrate
that the positive shift parameter b > 0 leads only to increasing the side lobes in comparison with
the case of, b = 0 see Fig.5.12. By contrast with this, various values of the shift parameter b < 0
make it possible both to suppress the side lobes as well as to provide higher contrast of diffractive
pattern due to depressing the corresponding minima of light distribution. Figure 5.13 illustrates
the dependence of light intensity distributions in the Fourier transform plane using the negative
shift parameter b as a parameter in curve families with β = 4 for the two particular cases of the
amplitude acoustic attenuation α0 = 0.345(i.e.3dB) and α0 = 0.69(i.e.6dB). However, one can
see that even maximal decreasing of the side lobes, obtained through realizing similar negative
shift (with b = -0.04 for α0 = 0.345(i.e.3dB) and b = -0.08 for α0 = 0.69(i.e.6dB)), does not
exceed 1 dB, i.e. is too insignificant. Together with this, the contrast, i.e. first minimum, can
be improved from about -32 dB to about -53 dB and from about -24 dB to about -47 dB,
respectively.
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Figure 5.13: Plots of the light intensity I(u) for a curve family β = 4, b < 0 in the particular
cases: a) β = 4, α0 = 0.345(i.e.3dB) and b) β = 4andα0 = 0.69(i.e.6dB)[26]

Conclusions
The needed light-beam apodization, suppressing side lobes within registration of each individual
resolvable spot and increasing the dynamic range up to 40 dB of spectrometer, can be realized
using a multi-prism light beam expander. Such a wide aperture expander is energetically effective in forming a beam with the pre-assigned state of light polarization.
Modern acousto-optics exploits often rather high-frequency radio-wave signals in a view of increasing the frequency bandwidth by itself or/and growing the time-bandwidth product inherent
in a cell. Typically, acceptable level of the acoustic losses account about 3-6 dB per cell’s aperture.
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Chapter 6
Results and general conclusions
Both a high level of developing the spatially spot-like and one-dimensional input devices and the
flexibility of a design inherent in two-dimensional optical systems with similar modulating components make it possible to realize various high-bit-rate opto-electronic processors. This is why
a one-dimension acousto-optic technique has been involved in data processing and its modelling
based on the algorithm of triple product correlations. Practically, triple product correlations
originate within an optical scheme including the modulated light source, representing the first
input port, and two wide aperture acousto-optical cells forming two other input ports. Due to
specifically constructed lens system, initially modulated light beam is crossing sequentially the
apertures of acousto-optical cells oriented at right angle to each other. Finally, a CCD-matrix
integrates the received optical signal with respect to time and registers the resulting triple product correlations. In a view of arranging similar acousto-optical processor for modelling triple
product correlations, we characterize a novel version of the acousto-optical cells exploiting now
tellurium-dioxide crystals. Together with this, potential performances of the progressed design
for similar processor are estimated as well.
The above-presented general discussion of a few key aspects related to creating an acousto-optical
scheme of triple product processor reflects an indispensable step to practical design of similar
processor. A reasonable part of this discussion is devoted to practical design of the schematic
arrangement based on two-inch optics and wide aperture spatially one-channel tellurium dioxide
crystal based AOCs, so that the results of these efforts are presented in the layout of the optical
scheme and in the picture of the potential design (Figures 4.2 and 4.3). Than, the AOCs,
exploiting so-called fast cut in tellurium-dioxide (T eO2 ) crystals, has been characterized and
estimated from the points of views related to their acousto-optical parameters and the expected
acoustic attenuation, which can potentially affect the shape of each individual resolvable spot
at the output plane and, consequently, the dynamic range of processing.
This processor under design is mainly directed to investigations in the areas of extra-galactic
and solar analogues. By this it means that potentially an algorithm of the space-and-time
integrating is desirable for a wideband spectrum analysis with an improved resolution. Such an
algorithm requires involving 1D - acousto-optic cells as the input devices for a 2D- optical data
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processing. The performance data of this algorithm is based on exploiting the chirp Z- transform
technique providing a 2D-Fourier transform of the input signals. In fact, this system produces
the folded spectrum, accumulating advantages of both space and time integrating. Its frequency
bandwidth is practically equal to the bandwidth of transducers inherent in acousto-optical cells.
Then similar processor is able to provide really high frequency resolution, which is practically
equal to the reciprocal of the CCD-matrix photo-detector integration time. Here, the current
state of designing the triple product acousto-optical processor in frames of the astrophysical
instrumentation was presented.
Basic performances of the acousto-optical cells, which can be potentially involved into creating
a novel triple-product acousto-optical processor for modern astrphysical applications, are under estimation. The main attention is paid to the time-bandwidth product, because just this
parameter can be taken as the most general one for the characterization of performance data
inherent in each individual cell. Functional capabilities peculiar to the cells operating over either
normal or anomalous light scattering regime are under consideration. Evidently, the anomalous
regime of light scattering promises better results. Both the theoretical estimations and the experimental data obtained for a large-aperture acousto-optical cell based on a tellurium dioxide
crystal, exploiting the anomalous light scattering, gives the time-bandwidth product equal to
about 4000.
From the above line of reasoning the AOC based on the specifically shifted cut of a tellurium
dioxide single crystal has been considered as an optimal choice, and its TBWP has been analyzed theoretically and measured experimentally. In so doing, the model of estimating both the
frequency bandwidth and the spectral resolution had been developed. The frequency bandwidth
was precisely calculated including the contributions from cubic terms in expansions related to
optical anisotropy of this material as well as from really high acoustic anisotropy in the tellurium dioxide crystal leading to remarkable divergence for acoustic beams. The resolution was
described using, in particular, corpuscular approach to this problem, which includes a look at the
uncertainty principle. During the performed experiments, the tellurium dioxide 0.65 × 105 cm/s,
with the clear optical aperture of 40 mm operating within the radio-signal frequency range up
to 100 MHz had been used. As a result of the realized optimization, the frequency bandwidth
of 65 MHz had been achieved, so that experimental estimation for the obtained TBWP was
equal to 4000.

Chapter 7
Future work
The previous work will continue during the PhD studies, until now we have designed a triple
product processor for the astrophysical applications. As we have seen with this two dimensional
process we can have the advantages of both the time and space integrating. Separately, the space
integrating gives a wide frequency bandwidth together with relatively low frequency resolution,
while the time integration provides a high resolution for spectrum components accompained by
comparably narrow frequency bandwidth. The processor is oriented to studies in the extragalactic astronomy as well as to stellar spectroscopy.
It is very usual that in the same observing night we need to change the setup, resulting in a
waste of significant time due to the necessary adjustment in the spectrograph. For example, in
some specific project the goal is to understand the mechanism that relates the GR variations
to properties of the radio emitting plasma and to investigate how does the BLR emission responses to GR emission variations. There is an interest in study the blazars mainly, to study
the emission lines Hβ(4861Ȧ) and Hα (6563Ȧ). The combined data will be used to explore the
connection between the jet, broad line region and GR emission in blazers. It will compared the
optical (continuum and line) and GR Light curves to the changes of the flux density of individual
features identified in the parsec-scale radio emission. This will allow to determine whether the
dominant source of seed photons for inverse Compton is located in the vicinity of the black hole
or it is produced by the synchrotron radiation produced within the jet.
Actually, one of the observing modes with the B &Ch spectrograph attached to the Guillermo
Haro Astrophysical Observatory 2.1m telescope (Cananea, Sonora) to perform low (FWHM'15Ȧ)
and intermediate resolution (FWHM'5Ȧ) spectroscopy near the Hβ and Hα emission lines (See
Fig. 7.1). This is achieved with the 150 l/mm and 300 l/mm (Blue & Red) gratings. Each
observing run is divided in three parts, obtaining spectral data in the range 4000Ȧ - 7000Ȧ
(grating 150 l/mm), around Hβ in the range 4000Ȧ - 5600Ȧ (grating 300 1/mm, 5000Ȧ) and
Hα in the range 5400Ȧ - 7000Ȧ (grating 300 1/mm, 7500Ȧ) for one of each sources. Low resolution spectroscopy allows to study changes in the continuum emission, and with the intermediate
resolution we are be able to study variations in the emission lines profiles (Hα and Hβ). These
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data would be obtained in a large period of time to be able to investigate the temporal changes
in a large scale in the emission region, and to study the shape of the ionizing continuum which
is affecting the BLR.
An important advantage of this project is the possibility of change the spectral range and the
resolution using only one dispersing element, that will increase the efficiency of the observing
time. The resolution of the arrangement will vary between 5-15Ȧ it means intermediate to low
resolution. Another advantage of this instrument is the relative simplicity due to the absence of
any large aperture components and lens int he optical arrangement.
For the future it’s necessary to develop a system with one acousto-optical cell made of T eO2
and a tentative aperture of 20-40mm. Remember that a bigger aperture means that the resolution will be better. Each pixel of the CCD will serve as a channel with the objective to obtain
the information of many stars if they are in the same angular field. For example; the comparison star (local standard), sky background, and the object being measured can be recorded
simultaneously.
The filter could be implemented in the ranges of the visible and near infrared. This will be used
for astronomy in the studies of star formation, interstellar medium planetary material around
neighbouring stars, and the birth and early evolution of normal galaxies. By measuring the
spectral characteristics and the polarization properties, the concentration and size of the particles can be determined.
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Figure 7.1: The superior panel is a typical example of a Seyfert galaxy that show emission lines
in the Hα and Hβ. The inferior panels are the region Hα and Hβ seen with better resolution.
Obtained with 2.1m telescope and B &Chm, OAGH, Cananea, Sonora
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