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Abstract

The designed practically prototype of an advanced acousto-optical radio-wave spectrometer is
presented in a view of its application to investigating the Milky Way star formation problems. The
potential areas for observations of the cold interstellar medium, wherein such a spectrometer can
be exploited successfully at different approximations, are: 1) comparison of the Milky Way case
with extragalactic ones at scale of the complete galactic disk; 2) global studies of the Galactic spiral
arms; and 3) characterization of specific regions like molecular clouds or star clusters. These as-
pects allow us to suggest that similar instrument will be really useful. The developed prototype of
spectrometer is able to realize multi-channel wideband parallel spectrum analysis of very-high-
frequency radio-wave signals with an improved resolution power exceeding 103. It includes the
1D-acousto-optic wide-aperture cell as the input device for real-time scale data processing. Here,
the current state of developing this acousto-optical spectrometer in frames of the astrophysical
instrumentation is briefly discussed, and the data obtained experimentally with a tellurium dio-
xide crystalline acousto-optical cell are presented. Then, we describe a new technique for more
precise spectrum analysis within an algorithm of the collinear wave heterodyning. It implies a
two-stage integrated processing, namely, the wave heterodyning of a signal in an acoustically
square-law nonlinear medium and then the optical processing in the same solid-state cell. Tech-
nical advantage of this approach lies in providing a direct multi-channel parallel processing of ul-
tra-high-frequency radio-wave signals with the resolution power exceeding 10%. This algorithm
can be realized on a basis of exploiting a large-aperture effective acousto-optical cell, which oper-
ates in the Bragg regime and performs the ultra-high-frequency co-directional collinear acoustic
wave heterodyning. The general concept and basic conclusions here are confirmed by proof-of-
principle experiments with the specially designed cell of a new type based on a lead molybdate
crystal.
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1. Introduction

Research in star formation is a keystone topic in Astrophysics. Decades of research in this field concluded that
the stars are formed by a complex collapse process of the progenitor cloud, and modern models for the early
formation inherent in clusters include now detailed descriptions of the accretion at disk and chemical implica-
tions [1]. The sites of star formation are normally “obscured” by the presence of material in those areas where
stars are under formation, and this fact represents the major obstacle to improving our knowledge of the topic.
Basic ideas and conclusions are inferred indirectly, and they require the data obtained from the corresponding
models and/or new observations in various wavelength bands. One has to explore the spectral distributions of
energy very accurately and within wide spectral ranges as is concluded from the elaborated numerical simula-
tions [2]. Now we know that the maternal material is basically constituted by warm dust and cold molecular gas
(<100°K). Due to a low extinction for long wavelengths, temperature, and composition of the medium around
star forming regions, the most informative bands are infrared, microwave, and radio-wave ranges. The detailed
phenomenology of star formation depends on the initial physical conditions of a region and combinations of
these parameters accompanied by the cloud fragmentation, which includes magnetic, gravitational and velocity
fields, and the accretion processes. These processes are not understood in detail, because we have not enough
observational information on a widest set of environments. Fundamental parameters needed for a better under-
standing them include the mass, temperature, chemical composition, kinematics, magnetic field intensity, and
density of gas and dust. These parameters are different for the regions of ongoing star formation, regions with
potential of star formation, or old star formation regions. Observationally, these regions will form either low or
high mass stars. Low mass stars (M < 8 Msun, in solar mass units) could form groups or be isolated, while high
mass stars (M > 8 Msun) will be born only in groups. Questions related to: how, where, and when the star for-
mation will evolve, represent basic branches of the researches. These researches could be theoretical and obser-
vational, galactic or extragalactic, and they could be related to the events occurring now or at the earliest stages
of the Universe. The Initial Mass Function of stars (IMF), parameterizing the numbers of stars as a function of
their mass, has an important influence on most of the observable properties of a galaxy, and detecting variations
in the IMF could provide insights into the process of star formation. There are two main theories for the origin
of the IMF: One is “competitive accretion” (stochastic) and the other one is “turbulent fragmentation” (determi-
nistic, i.e the CMF is a precursor to the IMF). Since the IMF appears to be invariant, the deterministic theory
concludes that the CMF must not depend much on environment. However, the CMF is poorly constrained at low
masses (e.g. M < Msun) and there are some evidence for variations of the CMF in some regions, in such case the
IMF may be finally determined or regulated by processes like accretion or feedback. Well studied regions of star
formation in the 1kpc vicinity to the Sun are at the Gould Belt (c2d project and Hershel Gould Belt key project,
[3] [4], where a few star forming regions of high mass stars are placed. Then, in the Galactic context they have
basically local characteristics and maybe a common origin [5]. The wide ranges for the above-mentioned physi-
cal parameters, which can be observed in the Milky Way now and along its evolution, produce the question
about the contrast needed to detect the IMF variations expected for a CMF in the stochastic model. Generally,
the galactic star formation could be analyzed using photometric or spectroscopic techniques. The observational
group of the INAOE focuses its attention mainly on young massive clusters and their interaction with its proge-
nitor molecular cloud. Three following directions in researches of the star forming regions in the Milky Way
context can be marked out first of all: 1) comparing the Milky Way case with extragalactic ones, for example,
with M82 and M81,; 2) global studies of the Milky Way spiral arms scales (about a few kpc); and 3) studies of
specific regions like the Milky Way molecular clouds or star clusters.

The extragalactic approximation is basically comparisons of physical conditions towards the nearest proto-
typical starburst galaxy M82 and the normal spiral galaxy M81. We discover that M82 has spiral structure and
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hundreds of recently formed clusters of massive young stars [6] [7]. The normal spiral galaxy M81 also has
hundreds of clusters, but contrasting with M82, not all of them are young and massive [8]. Comparison of M82
and M81 with the Milky Way imply that we are missing hundreds of young clusters in the Milky Way galaxy,
and it opens an opportunity to research them. New instrumentation with better angular and spectral resolution
and faster capabilities improves the correct classification and comparison between star formation scenarios on
dif- ferent kinds of galaxies [9]). In the case of M82 and M8L1, the usage of single dish antennas with large aper-
tures has confirmed our previous results and improved our knowledge in the star forming process (Nobeyama 45
m and IRAM, [10] [11]). The ALMA interferometer at millimeter waves has spectrometers with thousands of
km/s in bandwidth, and fractions of km/s in velocity resolution at sub-arcsecond of angular resolution, equiva-
lently at 200 GHz: a bandwidth of 2 GHz with resolution ~1 MHz. With these capabilities the future comparison
between Milky Way and extragalactic objects will be more effective: regions properly defined and variety of
scenarios. The Alfonso Serrano Large Millimeter Telescope (LMT) also is starting its researches and will re-
quire instrumentation with similar capabilities to improve our knowledge of the kinematics and molecular che-
mistry in global galactic scenarios [12].

The Galactic approximation to the star formation topic is using several now available galactic plane surveys
in near and far infrared as well as in radio-wave and microwave bands. Recently, modern results have been re-
ported to show the kinematics of the Milky Way disk as a characteristic behavior on the spiral arms. The beha-
vior similar to a solid body rotation in the site of spiral arms, i.e. the normal site of star formation, implies lower
angular momentum transferred to smaller scales and increases the efficiency of collapse of the molecular cloud
[9] [12] [13]. Our privileged view of the detailed composition of the Milky Way also implies a difficulty in ex-
ploring its spiral structure and distinguishing correct environments and distances to objects and regions inside
spiral structure [14]. It could be done through investigation of position and velocity in the phase space (i.e. on
the velocity-position diagram). However, it requires spectral information basically obtained from radio and mi-
crowaves with several hundreds of km/s in bandwidth and fractions of km/s in velocity resolution at arc-minute
of angular resolution, equivalently at 200 GHz: a bandwidth of 500 MHz and resolution of 60 kHz [15] [16].
The ALMA interferometer will be benefited of large-scale surveys that supply the basic information to go in
deep spatial detail.

Specific galactic star forming regions are also studied in detail. Specially, we mention the regions where
Young Massive Stellar Clusters (YMC), i.e. the objects missing in the Milky Way plane, should be born. There
are no more of ten YMCs in the Milky Way plane detected, and they contain a large fraction of massive stars
that evolve fast and died in supernova events. The calculated events regulate the life of a complete galactic disk
through injecting the energy, transform the kinematical and chemical status of large regions (~100 pc), and
could induce new star forming episodes [17]. The relation of YMCs with their interstellar medium around them
is a pendent topic of research [3]. Westerlund 1 is the prototypical Galactic YMC and, it is under study to define
its atomic and molecular environment and its possible production of gamma rays [18]). Star forming regions
present physical characteristics and phenomena that are extremely actual processes of study: jets, molecular out
flows, masers, extended green objects, and infrared dark clouds are nowadays part of the puzzle that give us
clues to complete our understanding of the star forming process [19]-[21]. Stars in well-studied nearby low-mass
star-forming regions (SFRs) follow the Kroupa initial mass function distribution (IMF). In a study of 12 high-
mass SFRs in their early embedded phase using the 24 um source counts from Spitzer/MIPS, we find the distri-
bution of the embedded sources in the associated molecular cloud follows the Kroupa IMF at the high-mass end,
but shows a deficit of stars for masses lower than 2 Msun. The universality and shape of the IMF at the substel-
lar mass range is still an investigation topic. In a study of 12 high-mass SFRs in their early embedded phase us-
ing the 24 um source counts from Spitzer/MIPS, we have found that the distribution of the embedded sources in
the associated molecular cloud follows the Kroupa IMF at the high-mass end, but shows a deficit of stars for
masses lower than 2 Msun. On the other hand, there are extended 24 um sources that are resolved into stars in
the Spitzer/IRAC bands (~2"). Study of one such extended source surrounding the IRAS18236-1205 source, one
of our 12 regions, would be able to spatially resolve this diffuse source into point sources, which would be ana-
lyzed to check whether they are the missing low-mass stars that are still in the process of formation. If so, these
data would present serious challenge to the present ideas regarding the formation of low-mass stars [22]. All
these processes require a high angular and spectral resolution from several hundreds of km\s in bandwidth and
fractions of km\s in velocity resolution, equivalently at 200 GHz: a bandwidth of 500 MHz at resolution of 60
kHz, or also higher spectral resolution: a bandwidth of 50 MHz and resolution of 5 kHz at variable angular res-
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olution from arcminutes to sub-arcseconds, now available with interferometers like ALMA [23]. The LMT with
faster instrumentation and more adequate angular resolution should give us maps of the Milky Way plane at the
microwave bands that will contribute to detecting the missing objects and its molecular environment with
enough angular and spectral resolution.

Interdisciplinary collaboration in the astrophysics, optics, and electronics makes natural developing a new
scientific instrumentation within the INAOE. Such projects like the LMT and HAWC (High Altitude Water
Cherenkov observatory) require novel and sophisticated instrumentations to reach their goals. In connection
with this, one can note the Aztec and Toltec, instruments for the LMT with bolometers at the wavelength 1 mm,
the RSR (Redshift Search Receiver) with a spectrometer having total frequency bandwidth about 38 GHz and
frequency resolutions of 30 MHz, which are equivalent to a bandwidth of thousands of km/s with a spectral res-
olution of decades of km/s, and the SEQUOIA spectrometer for images in the 100 GHz band with variable spec-
tral resolution 0.1 - 10 km/s. In parallel, an advanced prototype of the acousto-optical spectrometer applicable to
galactic maser emission at the frequency 43 GHz with the bandwidth about a few tens of km/s and a spectral
resolution of fraction of km/s, which are equivalent to the frequency bandwidth of about 40 MHz with the fre-
quency resolution close to 15 kHz is under construction in the INAOE [24]-[33]. Generally, acousto-optical
spectrometers are used systematically, for example, in the satellite and airborne telescope instrumentation, like
Herschel and SOFIA (Stratospheric Observatory for Infrared Astronomy), [34], and in planet exploration like on
Venus Express [35]. Their performances are at given quality and compactness together with a low energy.

2. General Introductive Remarks

Here, an opportunity of developing an advanced prototype of the acousto-optic spectrometer for radio-astrono-
my is practically touched. The proclaimed advances mean that the presented approach intends an attempt of
progressing in this area based mainly on involving new physical phenomena, front-rank algorithms for signal
processing, and modern acousto-optical materials. In any prototype of similar spectrometer, a high-frequency
radio-wave signal is injected into a large-aperture acousto-optical cell via a piezoelectric transducer. In fact, this
signal produces numerous sets of dynamic acoustic gratings (each corresponds to a partial frequency contribu-
tion of the initial high-frequency radio-wave signal), which modulate the incident widely expanded light beam
of a fixed wavelength. In so doing, the incident light beam is divided into a set of the corresponding partial
beams arranging the independent parallel frequency channels and being scanned at the angles depending on the
partial acoustic frequencies. The intensity of each partial light beam is determined by the amplitude of the cor-
responding partial frequency component from the initial radio-wave signal as well. Later, these partial light
beams are focused by the Fourier transforming lens system on a linear CCD-array for the further computer
processing. The optical layout of similar radio-wave spectrometer includes various optical components, namely,
the powerful single-frequency laser, optical attenuator, light polarization controller, optical beam expander,
acousto-optical cell (AOC), integrating lens, and CCD linear array, see Figure 1.

At this stage of development, the main goals assume the progress in characterization of these components and
the estimation of potential performances peculiar to this prototype as a whole. During the characterization one
can identify here optical sub-systems like, in particular, the precise beam shaper containing the laser, optical at-
tenuator, polarization controller, and a multi-prism beam expander. These parts require really accurate adjusting
to provide the incident light beam with the needed linear, circular or elliptical polarization in an expanded light
beam. The processing sub-system of spectrometer consists of a triplet of the basic components. The first of them
is represented by the AOC with an appropriate active optical aperture. The second component is the achromatic
doublet lens (for example, from Thorlabs or Edmund Optics), while the third one is the CCD linear array (for
instance, LC1-USB CCD, Thorlabs, numbering 3000 pixels of 7 um x 200 um each). The characterization of
this sub-system is oriented to realizing sufficiently optimal resolution of a pattern determined by the sampling
theorem requirements. A general view of an advanced prototype of the acousto-optic radio-wave spectrometer is
presented on Figure 2.

The AOC is a key component of the spectrometer under consideration, because just this component deter-
mines the efficiency of operation, frequency bandwidth of spectrum analysis, and frequency resolution, i.e. the
accuracy of radio-wave signals identification. Together with this, the AOC provides an opportunity to realize a
multi-channel parallel processing on ultra-high carrier frequencies being perfectly adequate to the current needs
of radio-astronomy explained in Section 1. These needs are widely varied from the frequency bandwidth
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Figure 1. Schematic arrangement of an advanced prototype of the acousto-optical radio-wave
spectrometer.
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Figure 2. Photo of an advanced prototype of the acousto-optic radio-wave spectrometer.

Af =40 MHz , the frequency resolution ¢ f =15kHz, the number of parallel signal processing (or, what is the
same, the number of resolvable spots) N ~2.7x10° and Af =2.0GHz, 5f =1.0MHz, N =2x10?, which
can be potentially realized at the top of modern technology exploiting, for example, specially designed AOCs
based tellurium dioxide (TeO,) and rutile (TiO,) crystals, respectively, to more specific cases. These cases in-
clude wide variations for the needed performances as well, in particular, from Af =500 MHz, §f =60kHz,
N =8.3x10° to Af =50MHz, &f =5.0kHz, N =10, which cannot be evidently realized within tradition-
al AOCs and require principally novel approach to designing the AOCs considered below. This is why we touch
here the possibility of improving the frequency resolution within parallel acousto-optical spectrum analysis via
involving an additional nonlinear phenomenon, namely, the wave heterodyning, into the data processing. The
nonlinear process of wave heterodyning is realized through co-directional collinear interaction of the longitudin-
al acoustic waves of finite amplitudes. This process allows us either to improve the frequency resolution of
spectrum analysis at a given frequency range or to increase by a few times the current frequencies of radio-wave
signals under processing. Our theoretical and experimental findings are aimed at creating a new type of AOCs,
which are able to improve the resolution inherent in acousto-optical spectrum analyzer operating over ultra-
high-frequency radio-wave signals. In particular, the possibility of upgrading the frequency resolution through
the acoustic wave heterodyning is experimentally demonstrated using the AOC made of rather effective lead
molybdate tetragonal single crystal. The obtained results show practical efficiency of the novel approach pre-
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sented. Thereafter, potentials peculiar to the acousto-optical spectrum analysis of a gigahertz-frequency range
radio-wave signals with essentially improved relative value of the frequency resolution, which can exceed the
order of 10 in our case, are considered with exploiting a new type of the AOC.

3. A Multi-Prism Beam Expander

To realize a one-dimensional expanding of the laser beam one can exploit a set of rectangular prisms. Such a
component is rather compact even with a large factor of expanding and can be done tunable in behavior. Using
the well-known relation for light refraction [36] by the first border between air and glass sing=nsind (where
n is the refractive index of a glass, « is the top angle, and ¢ is the angle of light incidence), one can obtain
the factor of beam expanding

d, \/(nz —sinzgo)[l—nzsinz(a—ci)}

a) B =

el
d, ncosgcos(a —5) )
sing

b) & =arcsin (—j
n

In the simplest case, when all the prisms are identical to each other and the angles ¢ of incidence are the
same for all of them, one can write B, =(B,)" . If a number of prisms is even, the beam direction can be saved
with an accuracy of some spatial parallel shift, see Figure 3.

That is why the numbers m={1,2,4} are taken for consideration with the initial laser beam diameter of
about d, =1mm. In so doing, the needed optical aperture for an AOC can be chosen, while the corresponding
angles ¢ of incidence become to be rather large. The plots illustrating light beam expansion by triplet of sets
including m :{1,2,4} prisms with n=1.5 and « =30°, corresponding to the Littrow glass prisms, are pre-
sented by solid lines in Figure 4.
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Then, one has to estimate the transmittance T of similar beam expander. For this purpose, one can adapt the
well-known relations for transmittance during the refraction [36], which depend on the state of light polarization.
Two independent on each other states can be recognized, namely the state of polarization being orthogonal to
the plane of incidence and, consequently, expanding a beam and the state of polarization belonging the plane of
incidence. With these two options, one can write for each border between air and prism material that

sin 26, sin 26,
T(L)=—o—"7"7"",
a) ( ) SinZ(ei_'_Ht) (2)
sin 24, sin 26,
b) T(ll)= ' :

sin’ (6 +6,)cos* (6, - &)’

where 6, and 6, are the angles of incidence and transmittance at each individual prism facet. To describe the

transmittance of one prism with, naturally, two facets, one should write

| sin2¢sin26 || sin2(a - 5)sin2y
Tl(L)_Linz(go+5)H sin’ (a—3+y) } @)
B sin 2¢sin 25 y sin2(a—35)sin2y
T1(|I)_|:sin2((p+5)cosz(¢—5)} I:Sinz(a—5+;/)0082(a—5—}/) @

where y =arcsin[ nsin(a - &)]. One can estimate that T,(L)<T,(||) always and, consequently,
To(L)<T, () where T, (L)= [Tl(L)]m and T, ()= |:T1(||)]m . Therefore, only the case related to T, (])

will be considered later. Restricting ourselves by the particular case of laying the light polarization in the beam-
expanding plane, we arrive at the following combined diagram for both the beam expanding and the optical
energy transmission, which is shown in Figure 4 and looks rather convenient practically. The plots for the opti-
cal energy transmission in Figure 4 are governed by Tm(||) for m :{l, 2,4}. This combined diagram gives
various practical possibilities. For instance, selecting the beam expansion factor of about B =35, one can find
the two options: 1) m=2, ¢, =83, B,~35, and T,~0.4 (i.e. 40%) or 2) m=4, ¢,~72°, B, ~35,
and T,~0.7 (i.e. 70%), as they follow from the combined diagram in Figure 4.

The top angle « of glass prisms can be also optimized. Again, we take m ={2,4} and n=1.5 for the
same case of laying the light polarization in a beam expanding plane and find the contribution of the top angle
a . Analysis shows that the influence of this angle is not too much, but it can be considerable in a view of pre-
cise optimization of the prism expander performances. Taking into account the performed analysis, a quartet
(m=4) of the fused silica based BK-7 glass Littrow prisms with n~1.5 and «=30" can be chosen for a
one-dimensional expansion of a laser beam from d, =1mm to d, =35mm, providing each individual expan-
sion at a value of B, =2.4323, see Figure 2. The initial non-uniformity of lighting the input window of that
AOC had been checked, and for this purpose the incident light intensity distribution had been fixed via photo-
detecting the beam profile obtained at the output facet of a 4-prism beam expander. The corresponding digi-
tized oscilloscope trace for this distribution is depicted in Figure 5, so that one can estimate the non-uniformity
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Figure 5. Experimental CCD-plot for the expanded beam profile,
which represents the beam profile at the output facet of a 4-prism
beam expander or what is the same, as the incident light distribu-
tion at the input facet of AOC.
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(flatness) of its intensity by about 14% . The experimental estimation of transmittance has shown the value of
60%.

4. Characterization of the Fourier Transform Optical System
4.1. Resolvable Spot Characterization

Let us consider the Fraunhofer diffraction of the light with the wavelength 4 (in a medium where the effect of
Fraunhofer diffraction takes place) by a rectangular aperture, whose sizes are D, and D, . When the incident
optical field amplitude Ul(xl, yl) is uniformly distributed along this rectangular aperture, the pattern of
Fraunhofer diffraction includes two sets of dropping maxima in two orthogonal to each other direction, so that
each set of maxima can be analyzed individually [37]. This is why one can consider, for example, the light dis-
tribution in the X, -direction lying in the plane Yy, =0. The zero-level width of the main lobe, i.e. the distance
between the first two zeros, is Ax, =2AF/D, . The obtained estimation for Ax; makes it possible to touch
the optical resolution in acousto-optics. If resolution is restricted only by diffraction, the Rayleigh resolution
criterion is usually exploited [36]. Within this criterion, two neighboring spots can be resolved if the intensity
maximum of the first spot coincides with the first zero of the other one. Under such a condition, the minimal re-
solvable distance is given by &x; = AF/D, . When just non-coherent light is in operation, the two identical
spots are crossing each other at an intensity level of 0.405. The accuracy of aligning aperture of the CCD-linear
array relative to the lens is practically important parameter. To find 2it one has to estimate the depth of the lens
focus W , which can be approximately determined as W =r(5x, ) /(24). Broadly speaking, this formula is
exactly valid only for the focus depth belonging to the Gaussian beam [38]. Here, however, the focal depth W is
applied to rectangular beam profile with some dropping at edges, which has been estimated as small enough.
Then, taking into account the Rayleigh criterion and putting the size d¢ of an individual resolvable spot can be
estimated by X, in the diffraction limit, one can write d; =AF/D, where D, is replaced by the AOC’s
aperture D. In an ideal optical system, the lighted length L. in focal plane of the integrating lens can be ex-
pressed as L. =d,N, =dsNg, where d, and N, are the size of an individual pixel and the number of the
lighted pixels of a photo-detector, while N is the number of resolvable spots provided by the acousto-optical
cell. When an individual resolvable spot lights more that one pixel, one can introduce the number m of pixels
lighted by a one spot, which is m=L/(d,Ng)=d,/d, =N, /N; . Finally, the lighted length L. can be ex-
cluded, while the number m can be included, so that F =Dd.m/4.

However, several things limit the performances of real optical system, and one of the most important factors
is lens aberrations. Usually, optical systems operate within the paraxial approximation when sind~ @ is rea-
sonably valid for the angle of diffraction @ close to zero. With more highly curved surfaces, paraxial theory
yields increasingly large deviations from real performances, because sin@ =@ at large angles of diffraction;
and these deviations are known as aberrations. The aberrations are a measure of how the image differs from the
paraxial prediction. Seidel [36] addressed this issue to contributions from siné = 0—(93/3!)+--~, resulting in
the third-order lens aberrations. To take into account the effect of aberrations in the first approximation one can
formally substitute the aperture size D by some effective value D, =D/, , which corresponds now to the
perturbed image, where the factor &, >1 reflects the effect of aberrations. Together with this, the concrete
magnitude of D, can be found from the ray tracing procedure, which gives us an opportunity to determine first
of all the individual spot size d, conditioned by aberrations, so that one has to modify previous formulas with
9, =d,/dg . Under action of aberrations, the minimal resolvable distance &x,, the size d,, and the number
m, of pixels lighted by a spot, and the focus depth W, take the forms: §x,=d, =4AF/D,, m,=d,/d,,
and W, = n(5XA)2/(2/1) , respectively.

The second important factor limiting the system performances is connected with optical quality of the AOC
perturbed by the input electrical radio-wave signal. This factor includes all potential imperfectness of material
and technology, and it can be estimated only experimentally, but similar estimations will naturally include al-
ready existing contribution from lens aberrations. Hence, one has to introduce the other factor 4 =d; /dg >1
of total perturbations, which leadsto D; =D/$, , &% =d; =AF/D;, m; =d;/d, , and
W, =n(o% ) /(22).

4.2. Polarization Control

According to Ref. [36], it is principally possible to control the state of light beam polarization completely using

()



A. S. Shcherbakov, A. Luna

only a pair of retardation plates, namely, half and quarter wave plates. Various lasers providing a single-mode
continuous-wave radiation with linear polarization ratio about 100:1 and really low level of optical noise at a
visible range have been used. For practical purposes, the intensity of light beam is regulated by a pair of linear
optical attenuators, which can in principle affect the state of polarization. This is why an additional crystalline
Glan-Thompson polarizer has been exploited thereupon to minimize possible variations from just linear polari-
zation state of this source down to the ratio 100,000:1. A half-wave plate can rotate the initially linear polariza-
tion state by an arbitrary angle; for example, to the horizontal polarization state, which has been chosen as opti-
mally matched with the selected laboratory coordinates. Then, a quarter-wave plate in combination with that
half-wave plate allows us changing the polarization state from linear to arbitrary elliptical state and also control-
ling the angle of the ellipse of polarization. Potentially, rotating both the half and quarter wave plates makes it
possible to control the polarization state even with the contribution of light-beam expander due to when the light
beam passes through this expander, it changes the polarization state. All the measurements had been made using
the polarimeter TX5004 (Thorlabs), which performs the needed measurements using the Poincare sphere tech-
nique.

5. Experimental Data

Testing the optical system of an advanced prototype had been carried out with the Bragg cell, made of tellurium
dioxide (TeO,) crystal (Brimrose Corp.), which has an active optical aperture of 35x2mm, see Figure 6(a).
Within operating at the optical wavelengths of 532 or 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 de-
grees and allows a maximum input acoustic power of about 1.0 W. The acoustic wave velocity can be estimated
by V ~0.65x10° cm/s . The experimental studies consisted in two parts. The first one included measuring the
bandwidths of acousto-optical interaction in the Bragg regime of light scattering in the first order. The second
part of our experiments was related to estimating possible resolution of the AOC via measurements of the light
intensity distributions of individual spots in focal plane of the integrating lens for light scattering by a TeO,-cell
in the first order. Figure 6(b) shows the experimental plot for the frequency bandshape inherent in the TeO,-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 cell’s impedance at different frequencies.
Each maximum of efficiency is potentially corresponding to better matching of impedance at the takes radio-
wave frequency. Practically obtained non-uniformity of the frequency characteristic is equal to about 14%. This
non-uniformity is small enough to be easily compensated electronically within array camera when post- pro-
cessing the final bias response. Total experimental frequency bandwidth at a —3 dB-level has been estimated by
Af,, ~65MHz.

To obtain sufficiently reliable estimations for the frequency resolution providing by the TeO,—cell together
with the above-described optical system (including the CCD-array with 3000 pixels of 7 um x 200 um each) a
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Figure 6. A 35-mm active aperture TeO,-crystal based AOC, Brimrose Corp. (a) and the experimentally obtained fre-
quency bandshape for this AOC (b, explanation in text).
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triplet of precise optical measurements had been performed at the wavelength 532 nm. The first of them has the
goal of characterizing just the optical system without any contribution of an AOC. Therefore, at this step only an
empty optical aperture of the needed sizes was lightedand the corresponding profile was registered. Figure 7(a)
presents the obtained distribution in the focal plane of a lens. One can see that this profile corresponds to the
spot size of about 16 um with the side lobe level of about 5.15% for the first side lobe. The aim of the second
measurement is: to take into account the quality of material used within manufacturing the AOC. This mea-
surement should exploit real active optical aperture of the AOC, but without any electrical signal applied at the
input port (the regime of so-called “cold cell”). Figure 7(b) demonstrates the light intensity profile gives the
spot size of about 20 um and the level of side lobes of about 6.0%. The third measurement had been realized in
the regime of so-called “hot cell”, i.e. with a radio-wave signal applied at the input port of TeO,—cell. Figure 7(c)
depicts the light intensity profile with the spot size of 21 um and the side lobe level of about 6.3%.

Our experimental results had been obtained using the integrating lens # 30-976 (Edmund Optics) with
F =85cm at the wavelength 532 nm, so that theoretically d; = AF/D ~12.92 um . Together with this, plots in
Figure 7 exhibit d, ~16pum and d; ~21pum, hence 9, ~1.238, &% =~1.625, m; =3, and D; ~21.53
mm. The last data show that about 38.5% of active optical aperture of the AOC is lost due to imperfectness of
the lens and cell’s material. Then, instead of theoretical limit of frequency resolution §f =V /D ~18.6 kHz,
one yields the measured value & f; =V/D; ~30.2kHz .

Thus the obtained number of resolvable spots is N, ~ Af,, /5 f; #2152 . Finally, the expected lighted
length in focal plane of the integrating lens can be considered as Lee =d; - N,,, ¥ 45.2mm. This length poten-
tially includes about 6450 pixels of 7 um each, i.e. capabilities of the optical system under consideration ex-
ceeded possibilities of the exploited CCD-array with 3000 pixels by more than two times.

6. Frequency and Resolution Performances of the Ordinary Bragg AOC

Let us estimate generally the frequency bandwidth Af , the frequency resolution & f , and the number N of
resolvable spots inherent in the Bragg AOC operating in a one-phonon normal light scattering regime. The fre-
quency bandwidth is given by [39] [40] Af =2nV 2/(}L fL). The Bragg limit is determined by the inequality for
Klein-Cook parameter Q =Af2L/V?>2xn [41]. In this limit, the Heisenberg uncertainty principle leads to the
frequency resolution §f ~V/D =T™' where T is the time aperture of AOC with the space aperture D. The
number N of resolvable spots is given by the ratio N =Af /§f =TAf . In ultra-high-frequency AOCs, the
value of N isrestricted by both the geometrical factors and the acoustic attenuation in cells’ material. The first
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Figure 7. Light intensity profiles of individual spots: (a) empty aperture without AOC, (b) AOC without the input
radio-wave signal and ¢) AOC with the input radio-wave signal.
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geometric factor is the maximal size of aperture D, so that one can estimate the maximal bandwidth as
Af ~ f,/2, where f; is the central carrier frequency of the acoustic wave, and obtain the first limitation
N, < Df, / (ZV ) . The second geometric factor is governed by the acoustic beam divergence. Let the aperture D
belongs to the near zone of acoustic field radiated by the piezoelectric transducer, whose size is L, so that
D~Lf,/(2V). This relation leads to L = nsz/(Znﬂ f') and to the second limitation

N, s(nVQ)z/(4n/1 f,)* . The third limitation is conditioned by acoustic attenuation being a function of f,.

The level 4 dB of attenuation allows the aperture D < yT,*f;”, where the factor I, of acoustic losses ex-
pressed in [dB/(cm-GHz?%)]. Substituting this formula into formula for N,, one can find N, S;(/(ZFOVfO).
Thus, the spot number N is restricted by a triplet of these independent limitations.

To make numerical estimations let us take a lead molybdate (PbMoQO,) crystalline AOC, exhibiting:
V =3.63x10° cm/s, A =633nm, n = 2.26, and r,=15 dB/(cm-Gsz) [39] [42] [43]. The numerical esti-
mations have been realized for the apertures D = 1 - 4 cm; the attenuation factors along the total aperture y =4
and 6 dB/aperture, and the Klein-Cook parameter Q =27, 3,471, see Figure 8. It is seen that a lead molybdate
AOC with D~2cm, Q=2n,and y<4 dB/aperture is capable to provide N ~700 with &6f ~180 kHz
within Af =120 MHz at a central frequency f, = 250 MHz . Together with this, using Figure 8 one can con-
clude that conventional lead molybdate deflector even with D =1cm is not operable at f, > 600 MHz .

Thus, now one can formulate the question facing this section. Taking alone a given lead molybdate AOC with
the given aperture D =2cm, is it possible to keep the same number of resolvable spots with the same potential
frequency resolution in the same frequency bandwidth at significantly increased central carrier frequency f,
exceeding 600 MHz? The further consideration gives definitely positive answer to this question under condition
of exploiting the collinear acoustic wave heterodyning technique.

7. Operating an Acousto-Optical Cell with the Wave Heterodyning

Let us overview potential possibilities related to exploiting a collinear wave mixing in a medium without any
group-velocity dispersion while with strongly dispersive losses. This medium allows realizing effective wave
heterodyning, when the beneficial data in the signal wave are converted from a relatively high-frequency carrier
wave to a difference-frequency wave. The accuracy of frequency measurements is physically determined by the
uncertainty in the energy or momentum inherent in a photon localized in the interaction area [44]. Due to rather
strong dispersion of losses, the heterodyning leads to increasing the characteristic length and time of propagation
(they both are associated with a clear optical aperture) for the converted signal in that medium and to improving
significantly the accuracy of signal processing. As a result, the real-time optical analysis of frequency spectra,
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belonging to analogue ultra-high frequency radio-wave signals, can be done with considerably improved fre-
quency resolution. This result is based on a two-cascade processing, i.e. on exploiting a pair of different wave
processes one after the other sequentially in the same crystalline AOC. This cell includes two resonant piezoe-
lectric transducers, converting the input electronic signals into gigahertz-frequency elastic waves, with the cor-
responding electronic ports on its upper facet, clear optical aperture D, and an effective acoustic absorber on its
bottom facet, see Figure 9.

The first wave process represents mixing the longitudinal elastic waves of finite amplitudes in a compactly
localized upper domain of a cell where relatively powerful pump of the frequency f, interacts with relatively
weaker signal elastic wave of the frequency f, . Within this nonlinear process the collinear wave heterodyning
takes place providing appearance of an elastic wave of the difference-frequency f, , which is able to propagate
along a large-aperture cell due to weaker manifestation of strongly dispersive losses at lower frequencies. The
second wave process is the subsequent Bragg light scattering by the difference-frequency elastic wave in as
possible linear regime, i.e. in the regime of a given acoustic field for the incident light beam. This process occurs
within a clear aperture D lighted by a wide incident optical beam of the wavelength A and is able to realize
optical spectrum analysis by itself. When, for example, the signal wave is rather intricate in behavior and con-
sists of various frequencies, each individual spectral component from the difference-frequency elastic wave
plays the role of a partial thick dynamic diffractive grating for the incident light beam. The length L of inte-
raction has to provide the Bragg regime of light scattering. In so doing, the acousto-optical spectrum analysis of
a gigahertz-frequency range radio-wave signals with essentially improved frequency resolution can be realized.
During our proof-of-principle experiments a new type of the acousto-optical cell made of rather effective lead
molybdate single crystal was exploited. These experimental data show that the elaborated approach, based algo-
rithmically on a two-cascade processing, allows a direct multi-channel parallel optical analysis of spectra inhe-
rent in ultra-high-frequency radio-wave signals at relative accuracy better than 107*.

8. Performances of a Novel Lead Molybdate Crystalline AOC

A novel solid-state acousto-optical cell had been designed and used in the standard scheme of a prototype for the
acousto-optical spectrum analyzer of ultra-high-frequency radio-signals with the laser (A =440 nm, the issuing
optical power exceeds 100 mW), large-aperture achromatic doublet lens, and a 3000-pixel CCD linear array. A
lead molybdate (PbMoQ,) single crystal (FO =15 dB/cm . GHZZP with practically available optical aperture
D =3.7cm, oriented along the [001]-axis for an acoustic beam along [100]-axis for an optical beam [42] [43],
was used in that cell. The cell completed with a pair of electronic input ports for the pump and signal on one of
its facets as well as with acoustic absorber on the opposite facet. This crystalline material was chosen because of
its high value of the relative figure of acousto-optical merit that can be characterized by a value of

M, ~36.3x107" 53/g for both possible eigen-states of light polarization in this tetragonal crystal and its rather
high acoustic interaction efficiency for collinear longitudinal waves in the [001]-direction described by |F| =175
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Figure 9. Schematic arrangement of the interacting
beams in a two-cascade AOC [45].
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[42] [43]. The piezoelectric transducer with length of L =1.0cm , generating the signal wave with power den-
sity of ~ 100 mW/mm?, was made of a thin (Y +36°)-cut lithium niobate, so that it excited purely longitudinal
acoustic wave, with conversion losses of about 2 dB at its resonant frequency close to 1530 MHz. The single-
frequency pumping longitudinal acoustic wave with the power density of up to 600 mW/mm? was generated at a
carrier frequency of approximately f, =1390 MHz, so that the case of }/e[l.04,1.20] had been experimen-
tally realized. During the experiments, we have placed a diaphragm in about 5-mm vicinity of the piezoelectric
transducers area (about 13.5% of the total aperture) to minimize the effect of this area, where an increase in the
power of difference frequency waves takes place. Consequently, the working optical aperture of a cell was a lit-
tle bit longer than 3.7 cm. The bandwidth of that prototype was about 180 MHz. The efficiency of light scatter-
ing by an additional acoustic wave at the difference-frequency was slightly exceeding 1%. Figure 10 shows the
digitized oscilloscope traces of amplitude-frequency distribution peculiar to that prototype with the acousto-
optical cell based on the collinear wave heterodyning. The digitized trace of this distribution had been recorded
by a multi-pixel CCD linear array photo-camera through connecting the input signal port of a cell at an ultra-
high-frequency radio-wave sweep-generator and fulfilling the acoustic wave heterodyning in a lead molybdate
crystal. For a radio-wave signal, producing the dynamic acoustic grating on the resulting carrier difference-fre-
quency of about 235 MHz, the attenuation is close to 3 dB over the total cell aperture. At the same time, for the
signal acoustic waves at even the lower original frequency f, =1440 MHz the attenuation exceeds 100 dB
along a 3.7 cm aperture, which is perfectly unacceptable in practice. Within the second set of our experimental
tests, we examined the resolution of spectrum analyzer with the cell exploiting the collinear acousticwave het-
erodyning. In fact, the intensity distribution of an individual resolvable spot in the focal plane of the integrating
lens had been considered. In so doing, the technique, which had long been in use, with very narrow slit dia-
phragm scanning over sufficiently sensitive photodetector and subsequent logarithmic amplifier was applied to
our needs. Practically, this technique gives an opportunity to fix the continuous distribution of light intensity in
the lobes of an individual spot really carefully in a rather wide dynamic range of about 25 dB [45] [46]. One can
see that the measured level of the first lobes lies at a level of about —13 dB with initially homogeneous lighting
of the operating cell’s aperture, which is in good coincidence with the well-known theoretical prediction [45]
[46]. Figure 11 presents the digitized trace, which had been recorded in the focal plane of the integrating lens
via applying exactly a single-frequency excitation at the input signal port of the proposed cell. In the case under
consideration, physical limit of the frequency resolution is V/D ~98 kHz , while experimentally obtained value,
affected by acoustic losses as well as by technical imperfectness of the integrating lens, corresponds to a fre-
quency resolution of about &6 f ~120kHz at a level of —10 dB and gives the number of resolvable spots or,
what is the same, the number of parallel frequency channels N =1500 . By this is meant that the proposed tech-
nique for direct parallel optical spectrum analysis of gigahertz-frequency range radio-wave signals provides at
least 1500-channel processing even within our proof-of-principle experiment. As this takes place, the accuracy
or the relative frequency resolution &f/fs (where fg =1444 MHz) is better than 107, which is practically
unattainable for conventional direct acousto-optical methods of spectrum analysis.

9, Brief Discussion and Conclusive Remarks

The presented information makes it possible to have a look at the potential progress within designing modern
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Figure 10. The digitized oscilloscope trace of the band-
shape of the PbMoO4 crystaline AOC with collinear hete-
rodyning exploiting the longitudinal elastic waves of finite
amplitude in a crystal [46].
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prototype of the acousto-optical spectrometer for precise analysis of various radio-wave signals in radio-as-
tronomy. The chosen arrangement of a prototype realizes the direct analysis of radio-wave signal in frequency
plane of the Fourier transform system. Moreover, such an approach allows in the future significant schematic
development based on exploiting new physical principles as well as involving novel acousto-optical materials
being capable to improve the performance data of spectrometer. The obtained practical results confirm the valid-
ity of the chosen technical solutions as a whole. Nevertheless, it is clearly seen that, for instance, quality of some
mechanical and optical components, in particular the lens exploited with the peculiar mechanical mount, should
be substantially increased to provide a great help in improving performances of the prototype developed. Then,
it should be noted that experimental technique of measurements and characterization has to be also progressed.
Together with this, we demonstrate both the possibility and the potential advantages of applying a co-direc-
tional collinear wave heterodyning to essential, about an order of magnitude, improvement of the frequency
resolution within a multi-channel parallel acousto-optical spectrum analysis of gigahertz-frequency range ana-
logue radio-wave signals. In so doing, an opportunity of implementing acousto-optical data processing with the
wave heterodyning has been experimentally performed utilizing the specially designed acousto-optical cell made
of a lead molybdate single crystal. The proposed technique exploits a two-cascade algorithm of processing and
is intended for direct parallel and precise optical spectrum analysis and provides about 1500-frequency-chan-
nels for processing analogue radio-wave signals in a gigahertz-frequency range with the accuracy or, what is the
same, with the relative frequency resolution better than 10~*, which is usually unattainable for conventional di-
rect acousto-optical methods. The obtained results reflect fruitful character of modern approaches based on ap-
plying various non-linear phenomena to improve the performance data of optical processing and give an ap-
propriate example of this kind. At the moment, a few practical advantages of the presented approach can be
noted. First, the proposed device does not need additional electronic equipment for mixing the signals and se-
lecting the resulting currier frequency, because heterodyning can be performed directly in a cell and provide poten-
tially the dynamic range of about 90 dB peculiar to wave processes in solids. Then, the approach under consid-
eration decreases the required relative bandwidth of piezoelectric transducer from 50% -100% at the resulting
frequency within a conventional cell to 10% -15% at the initial carrier frequency. Within our proof-of-prin-
ciple experiment the acousto-optical cell with 2 piezoelectric transducers was used, but generally it is not neces-
sary. Due to the relative bandwidth does not exceed 15%, potentially it is quite reasonable to exploit just only
one transducer. Third, in the case of a spatially multi-channel arrangement of the acousto-optical cell, the iden-
tity of neighboring spatial channels to each other can be provided by adjusting the corresponding heterodynes.
Finally, one should note that the number of isotropic or crystalline materials, which are appropriate for acous-
to-optical cells processing signals in a gigahertz-frequency range, is definitely restricted due to fast-growing in-
fluence of a square-law frequency dependence for the acoustic attenuation in solids. For instance, one can easily
show [45] [46] that the above-discussed lead molybdate crystal cannot be used for creating a conventional
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acousto-optical cell operating with signals whose carrier frequency exceeds about 300 - 400 MHz. Nevertheless,
just this crystalline material had been exploited for the control over 1.5 GHz signals within these studies. Con-
sequently, one can conclude that a two-cascade arrangement of a cell presented here allows extending the spec-
trum of acousto-optical materials being appropriate for direct processing of ultra-high-frequency analogue radio-
wave signals. Remarkable qualities of the acousto-optical spectrometers are stability, compactness and low
energy consumption, such qualities now could be potentiated for using the collinear wave heterodyning dis-
cussed in this document, because this new characteristic gives us the opportunity to explore the dynamic selec-
tion of frequency bandwidth and resolution using the acousto-optical spectroscopy technique.
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