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ABSTRACT. 

New physical details inherent in the non-collinear two-phonon Bragg light scattering 

controlled by ultra-high frequency elastic waves of finite amplitude are studied in wide-

aperture crystals exhibiting moderate linear acoustic losses. Recently, it had been 

demonstrated that Bragg regime of light scattering exhibits the specific acousto-optical 

nonlinearity with a set of unit-level maxima. Now, additionally to our previous analysis, we 

present an advanced analytical description of this phenomenon in the amplitude and 

frequency domains; and what is more, we orient it mainly at the second unit-level 

maximum. This nonlinearity together with the linear acoustic losses in an acousto-optical 

cell produces a new effect of nonlinear apodization. The light beam, leaving the cell, can 

suppress side lobes and grow the dynamic range within potential optical spectrum analysis. 

After that we characterize comprehensively an acousto-optical cell, made of calomel and 

working within the second maximum of two-phonon light scattering, as a dispersive optical 

component. Finally, the results of our proof-of-principal experiments with the calomel-

made cell, operating in the chosen regime, are presented and discussed. 

 
Keywords: acousto-optical nonlinearity, two-phonon light scattering, crystalline calomel cell, optical 

spectrum analysis, spectral resolution. 

 

1. INTRODUCTION 
 
The early spectroscopic applications based on the acousto-optical (AO) effect were 

developed in the end of 1960s using both collinear and non-collinear Bragg interaction 

[1,2]. Subsequent investigations had shown that exploiting non-collinear AO interaction 

exhibits as a rule higher efficiency of operation with moderate spectral resolution. This is 

why past years various attempts had been implemented to improve the spectral resolution in 

non-collinear regime and, in particular, the Bragg interaction with light deflection into the 

second and third orders had been discussed and studied [3 - 5]. Unfortunately, however, 

any applications of these phenomena to optical spectroscopy had not been reported. 

Nevertheless, practical aspects of applying the AO interaction to spectrum analysis are 

connected with physical limitations originating in optical systems. 

 

At relatively high acoustic frequencies, the divergence of acoustic beam can be omitted, so 

that the linear acoustic attenuation plays the dominating role in the expected nonuniformity 

of distributing the acoustic energy along the cell. Together with this, the effect of acoustic 

losses is significant due to obvious asymmetry and nonuniformity in distribution of the 

light energy scattered by acoustic mode of finite amplitude along optical aperture of an AO 

cell. Naturally, the appearing nonuniformities in these distributions are not the same within 

the frequency bandwidth of an AO cell. Sometimes, the optimal frequency bandwidth is 

close to 50% of central frequency of traditional AO cells [6], while a square-low 

dependence of the acoustic losses on the frequency is specific for solid-state crystalline 

materials. Consequently, the expected nonuniformity of distributing the acoustic and light 

energies along an AO cell cannot be already omitted. This is why an appropriate 

apodization within AO systems for data processing is rather desirable. To find a sufficiently 

optimized profile of the light beam apodization the expected effect of acoustic attenuation 



4 

 

should be analyzed and estimated. However, now we consider much more complicated 

regime, when additionally to linear acoustic attenuation we are dealing with significant 

contribution of the AO nonlinearity in a cell. Consequently, a new nontrivial analysis has to 

be performed. 

 

We develop our recently initiated characterization of new features inherent in the non-

collinear two-phonon light scattering governed by ultra-high frequency (UHF) elastic 

waves of finite amplitude in wide-aperture crystals providing moderate linear acoustic 

attenuation. This kind of light scattering manifests the parametric acousto-optical 

nonlinearity, which demonstrates a set of specific physical properties [7,8]: 

 

(a) existing a sequence of the local unit-level maxima in the distribution of light scattered 

into the second order, which appear periodically as the power density of elastic waves 

grows; 

 

(b) appearing a variety of the transfer function profiles peculiar to these maxima in the 

isolated planes of angular-frequency mismatches; 

 

(c) originating almost 100% efficiency of light scattering at the fixed acoustic frequency for 

various optical wavelengths due to the existence of an additional dispersive birefringence 

factor that had been distinguished by us within this non-linear phenomenon; 

 

(d) manifesting strongly linear dependence of the scattered light wave intensity on the 

incident light one within the nonlinear non-collinear two-phonon light scattering, which 

physically can double the spectrum resolution within possible applications to optical 

spectrum analysis. 

 

Recently [8], we have analyzed that parametric AO nonlinearity in the vicinity of the first 

unit-level maximum (associated with relatively lower acoustic power density and restricted 

spectral bandwidth) from the above-mentioned sequence. Evidently, this maximum gives 

the highest spectral resolution that can be achieved in the regime under consideration. 

However, the widest spectral bandwidth can be expected in an area of the second unit-level 

maximum, when the acoustic power density is higher, but remains nevertheless still 

acceptable. To make the spectral bandwidth still wider a mechanical damping of the 

piezoelectric transducer on an AO cell was exploited. In so doing, the broadening of that 

transducer’s bandwidth has been implemented at the coast of operation efficiency inherent 

in an AO cell made of very effective acousto-optically calomel single crystal. Moreover, 

revealed by us new effect of nonlinear apodization of light beam leaving the AO cell has 

been observed and demonstrated in full measure specific for the case of the second unit-

level maximum. Originating the last effect reduces spectral resolution slightly as it is 

usually seen in optical systems, but it grows the dynamic range of potential optical 

spectrum analysis up to about 30 dB due to suppressing side lobes of each individual 

resolvable spot without any additional facilities. 

 

In section 2, in parallel with previously presented analytical description of the non-collinear 

two-phonon light scattering, which includes the contribution of linear attenuation for the 

acoustic wave of finite amplitude, an advanced theory for this phenomenon in the 
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amplitude and frequency domains is developed to refine somewhat our previous 

considerations. 

 

Section 3 is devoted to local analysis for the second maxima of two-phonon light scattering 

and to characterization of the appearing deep nonlinear apodization. 

 

Section 4 represents various theoretical estimations for potential dispersive component 

based on the calomel-made crystalline AO cell. 

 

The experimental set-up and proof-of-principal experimental data are described in Section 

5; where, in particular, the obtained results are compared with the best-known modern data. 

 

Briefly explained conclusive remarks are placed in Section 6. 

 

Usually, definitely nonlinear behavior of only optical components within the Bragg AO 

interaction can be performed experimentally in AO crystal without any observable 

influence of the scattering process on the acoustic wave. In this case, the amplitude of 

acoustic wave is governed by a homogeneous wave equation, and the regime of so-called 

weak coupling takes place [3]. This regime is not equivalent to the interaction between 

strongly coupled waves, because the acoustic wave of finite amplitude will be almost non-

perturbed even at 100% efficiency of light scattering. Then, under certain conditions, i.e. at 

the Bragg angle θ0 (which has small values < 5°) of light incidence on the accurately 

selected crystal cut and at the specific frequency f0 of that acoustic wave, one can observe 

the two-phonon Bragg scattering of the light caused by participating two phonons when the 

conservation laws (momentum and energy) are satisfied and the intermediate order of light 

scattering with the optical frequencies ν0,1,2 is not forbidden. This acoustic frequency can be 

explained as 

 

a) bVf 1
0 ,                      b) )n/b(arcsin E0 ,                         (1) 

 

where |nn|b 2
O

2
E  is the birefringence factor and nE ≥ nO  are the current extraordinary 

and ordinary refractive indices of a crystal, V is the ultrasound velocity, λ is the incident 

light wavelength. The polarizations of light in the zero and second orders are orthogonal to 

the polarization in the first order, whereas the frequencies of light beams in the first and 

second orders are shifted by f0 and 2 f0, respectively, with reference to the zero order. For 

example, in a uniaxial positive crystal, see Fig. 1. 

 

Figure 1a describes the wave vector diagrams for the two-phonon light scattering. The 

vectors K


 represent the acoustic wave vector, 2,1,0k


 are the optical wave vectors of the 

incident and scattered light, θ0 is the Bragg angle described in Eq. (1b). Figure 1b shows 

the conservation of energy through the sum of frequencies of optical and acoustical waves; 

νm = ν0 + m f0, m = 0, 1, 2, where νm are the light frequencies. 
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a.  

 

b..  

Fig. 1. Feasible geometry of the two-phonon AO interaction in a uniaxial positive crystal: (a) is the wave-vector diagram 

and (b) depicts the arrangement of optical beams; white arrow shows the acoustic wave passing through a crystal from the 

piezoelectric transducer to the acoustic absorber (the angles θ0 are shown not in the realistic scale). 
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2. TWO-PHONON LIGHT SCATTERING BY THE ATTENUATING 

ACOUSTIC WAVES OF FINITE AMPLITUDE: DESCRIPTION IN 

THE AMPLITUDE AND FREQUENCY DOMAINS 
 

Recently, a quasi-stationary two-phonon Bragg light scattering by acoustic waves of finite 

amplitude had been investigated (for the first time) [7], in particular, significantly nonlinear 

evolution of the light wave amplitude C2(x). Here, x is the spatial coordinate along the 

direction of light propagation without taking into account the small deviations due to the 

required Bragg angle θ0 deflected into the second order, had been described. Then, to 

improve that analysis the effect of linear acoustic losses in a medium had been taken into 

account [8]. In so doing, an acoustic wave, passing along the z-axis (i.e. along the aperture 

of an AO cell), had been taken in the form U(z) = U0 exp(-α z), where U(z = 0, t) = U0 is 

the boundary condition for the acoustic wave amplitude and the amplitude factor α 

describes the linear acoustic attenuation. Generally, it had been found that the complex 

amplitude C2 (x, z) can be characterized in terms of two dimensionless coordinates σ x and 

η x [8].  

 

The general solution for the complex amplitude C2 (x, z)is 

 

)bb()bb(

]x)ib[(exp

)bb()bb(

]x)ib[(exp
)z,x(C

3221

2
2

3121

1
2

2 2
3323121

3
2

bbbbbbb

]x)ib[(exp
;          (2) 

 

where bk, (k = 1, 2, 3) are the roots of the characteristic equation b
3
 + i η b

2
 + 2 σ

2 
b + i η σ

2
 

= 0, which includes dependences on the coordinate z. [8] 

 

The dimensionless coordinates are the product of the spatial coordinate x with σ[cm
-1

], 

describing the acoustic power density, and with η[cm
-1

] describing the frequency mismatch 

that had been originally determined as η = 4 π λ f0 (Δf)/(nOV
2
) [3]. The linear acoustic losses 

can be also described by a one dimensionless parameter a = α z. Here, 

2/)z(PM)cos()z(Uq)z( 2
1 ; q is the constant of AO interaction, θ is the 

angle of incidence for an external plane monochromatic light wave, λ is the incident light 

wavelength, P is the acoustic field power density, M2 is the AO figure of merit for a 

material. Numerically created 3D-distributions for C2(x, z) depicted theoretical possibility 

of reaching a set of the unit-level maxima, i.e. ~100% efficiency of light scattering into the 

second order, in some isolated points along the σx-axis. While the effect of acoustic losses 

leads only to scaling the nonlinear distributions along the coordinate σx. The last result 

leads to the expression 

 

])z(exp)2/xU([sin|)0,z,x(C| 0
42

2 .                              (3) 

 

This means that each unit-level maxima is placed in the position 

 

])z(exp[]2/)1m2([)x( m                                                (4) 
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with the number of maximum m = 1, 2, 3, … and ηx = 0, so the last multiplicand leads to 

that scaling. Together with this, the mismatch profiles related to the unit-level maxima with 

the fixed number m are the same at any magnitude of α. Broadly speaking, the presence of a 

dependence on number m by itself demonstrates the effect of specific acousto-optical 

nonlinearity determining the transmission function. Our analysis in Ref. [8] had been 

mainly developed for the case with m = 1. However, it had been found that much more 

attractive case is connected with m = 2, when almost the widest band-shape can be 

obtained during the two-phonon Bragg light scattering by acoustic waves of finite 

amplitude, see Fig. 2. 

 

Recently, similar plots had been physically discussed in principle [7], but now we would 

like to improve the accuracy of that discussion in our attempt to apply now these profiles 

practically. The Rayleigh criterion [9] predicts separating a pair of the neighboring (sin 

u/u)
2
-shaped distributions at the intensity level of ~ 0.4053. For the sake of simplicity we 

will use the same level for our profiles as well. This step leads to determining the 

bandwidth from η(-)x to η(+)x in Fig. 2, i.e. to the full (i.e. two-side) bandwidth at the 

intensity level ~ 0.4053 which is the sum η(-)x + η(+)x = Δη x for each particular maximum. 

 

The refined analysis shows that the above-mentioned maximum at points (σx)2 with m = 2 

corresponds to the following two-side variation of the mismatch parameter: (Δη x)2 ≈ 

14.0933 at the 0.405-maximum level. One can see that the second unit-level maximum with 

m = 2 gives almost the widest bandwidth at reasonably high acoustic power. However, for 

not extremely effective AO materials one has to restrict himself by a possibility with [(σx)2, 

(Δη x)2], which are required to further analysis of affecting the frequency bandwidth by the 

AO nonlinearity. 
 

 
Fig. 2. All the mismatch profiles with m = 2 are the same in dimensionless units; one yields the same widths ηx±= ±7.046 

at the 0.405-level. 

 

At the points (σx)2 of light intensity distributions, belonging to the 2-nd unit-level maxima 

at any magnitude of a ≥ 0, all the mismatch profiles are the same in dimensionless units, 

see Fig. 2. All these profiles have the same widths ηx± = ±7.046 at the 0.405-level. Using 

the previously developed consideration [7], one can find two-side frequency bandwidth as 

 

)Lf4/(Vn093.14f 0
2

0 )Lf(/Vn1221.1 0
2

0 .                                  (5) 
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3. LOCAL ANALYSIS AND THE SECOND MAXIMA OF TWO-

PHONON LIGHT SCATTERING IN CALOMEL 
 

Within linear acousto-optics, one can use standard approach to estimating the action of 

linear acoustic attenuation using the Fourier transformation of exponentially falling down 

distribution at the AO cell’s output facet. The Fourier transformed signal gives a resolvable 

spot profile in the focal plane of the integrating lens within classical scheme of AO 

spectrum analyzer (see in Ref. [10], page 413, Fig 7). We have to note that the specific 

peculiarity of the AO spectrum analyzers is the fact that all the parameters of these devices 

(such as frequency or wavelengths of operation, bandwidth, efficiency, frequency or 

wavelength resolution, dynamic range and so on) are in the great majority determined by 

the possibilities of the AO cell. At the same time, the concrete details inherent in the 

schematic arrangement of spectrum analyzer are not critically important at the current stage 

of our studies, so that one can exploit the above-mentioned classical scheme. Exactly the 

AO cell plays the key role in similar kind of spectrum analyzers and dictates these 

performances, while the other components like lens and CCD-array, if they are good 

enough, are able only to assist us in realizing those performances. This is why the current 

and the next sections are devoted in the main to characterizing the new calomel-made AO 

cell and its unexpectedly revealed properties. 

 

In so doing, the light intensity profile of a spot gives the main lobe width and level of side 

lobes characterizing both the resolution and the dynamic range of an optical system. In our 

case, one should estimate the combined effect provided by acousto-optical nonlinearity and 

linear acoustic losses in AO cell. For this purpose, we compare with one another light 

distributions C2(x, z) along coordinate σx in the vicinity of various points (σx)2 peculiar to 

the second unit-level maxima for a few magnitudes of α. The preliminary analysis has 

shown that similar light distributions are significantly non-uniform along AO cell’s 

aperture, so that the final Fourier transformed signals are not optimal in the focal plane of a 

lens. This is why those values (σx)2 had been somewhat exceeded with the purpose of 

making an optimization. The goal of such an optimization consists in achieving as much as 

possible more symmetrical light distributions at the output facet of an AO cell. However, 

local maximum for each of these output light distributions is shifted from a point 

corresponding to the middle between two falling down wings of the corresponding 

distribution. 

 

To make more concrete our consideration an appropriate acousto-optical crystalline 

material has to be selected for the further analysis. During the selection of a material, a few 

possibilities of exploiting either longitudinal or shear elastic modes, passing along various 

crystallographic directions, had been estimated. The analysis has shown that one of the best 

options for performing experiments, motivated by very high efficiency of scattering and not 

too high acoustic frequency for excitation, is the calomel (α-Hg2Cl2) single crystal. This 

crystal belongs to the 4/mmm – tetragonal symmetry group. It has spectral transmission 

band Δλ = 0.38 – 28 μm and a pair of dispersive refractive indices, whose main values are 

NO = 1.9634 and NE = 2.6217 at the wavelength λ = 633 nm; its material density is equal to 

ρ ≈ 7.2 g / cm
3
 [11]. This crystal is potentially suitable for effective non-collinear two-

phonon light scattering and allows pure slow-shear elastic mode with the wave vector 
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]110[||K


, the displacement vector ]011[||u


, the phase velocity VS ≈ 0.347 10
5
 cm/s, and the 

acoustic wave attenuation factor Γ ≈ 230 dB / (cm GHz
2
), which gives the amplitude factor 

α in the form of α(cm
-1

) = 0.1152 Γ f 
2
. 

 

At this point we will not motivate in detail our selection of the level B for linear acoustic 

losses per optical aperture D of the calomel-made AO cell. Nevertheless, together with 

traditionally exploited value B = 4 dB [12], the values B = 3 and 5 dB will be taken as well 

in a view of principle possibility to correct them later by the needed apodization. Choosing 

B = 3, 4 or 5 dB allows us to avoid unnecessarily strong limitations for this stage of studies. 

More detailed analysis can be started proceeding from the optical aperture D = 5.2 cm of 

the AO cell restricted by an available sample of the chosen crystalline material. Taking the 

above-mentioned levels of losses B per optical aperture, one can find the central 

frequencies for a two-phonon light scattering as )D/(Bf 0  [10], so that one yields f0 

≈ 50.1, 57.6 and 64.66 MHz as well as α ≈ 0.0665, 0.0885, and 0.1108 cm
-1

, respectively. 

For this triplet of the central acoustic frequencies, the second unit level maxima are placed 

at (σx)2 = 7.123, 7.281, and 7.445 when z = 1 cm. 

 

After performing the above-proposed optimization, one can take (σx)2, Opt = 7.815, 8.21, and 

8.56, which provide more symmetric distributions presented in Fig. 3. With D = 5.2 cm, the 

desirable new maxima are located at the points z2,max ≈ 2.395, 2.357 and 2.259 cm, 

respectively. An example of the corresponding 3D-distribution with the f0 = 57.8 MHz is 

presented in Fig. 4. Looking at these plots, one can find that the combined influence 

provided by AO nonlinearity and linear acoustic losses leads to the some equivalent 

apodization of initially flat incident light beam, see profiles in Fig. 3. 

 

 
Fig. 3. Optimized 2D-profiles of the light distributions at the output facet of the calomel-made AO cell at f0 ≈ 50.1, 57.6 

and 64.66 MHz with α ≈ 0.0665, 0.0885, and 0.1108 cm-1. 

 

To describe the Gaussian apodization for a flat incoming light beam with the field 

amplitude A0 we take the origin of the physical coordinate z across that beam so that the 

point z = 0 is associated with the plane of piezoelectric transducer in an AO cell. Then, one 

can introduce y = z / D as the normalized dimensionless coordinate along the physical 

aperture D (measured in centimeters) of an AO cell. Thus, y  {0, 1} and one can write 
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Fig. 4. An example of the optimized 3D-profiles for the issuing light distributions at f0 ≈ 57.8 MHz with α ≈ 0.885 cm-1. 

 

])5.0y(2[exp|A|)y(I 22
0                                                 (6) 

 

for the apodizing Gaussian function; possible variations of I(y) are governed by the profile 

parameter β. In particular, for the plots presented in Fig. 3, one can suggest the centered 

approximations with β = 3.1, 6.0, and 9.0, see Fig. 5, to avoid unnecessary strong 

consideration at this stage of studies. In the case of Gaussian apodization, the normalized 

distribution I(u) of light intensity peculiar to an individual resolvable spot in the focal plane 

of the integrating lens can be written as 

 

22
2 u2

exp
2

Erf
4

1
)u(I

2

2

iu2
Erfi

2

iu2
Erfi .        (7) 

 

 
Fig. 5. Theoretical profiles for the Gaussian centered approximations with the dimensionless apodization parameters β = 

3.1, 6.0, and 9.0. 
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The spatial dimensionless coordinate u is centered on a maximum of that distribution; then, 

u = w D/ λ F, where w is the physical spatial coordinate in the focal plane and F is the focal 

distance of the integrating lens. The corresponding profiles of resolvable spots in linear 

scale are shown in Fig. 6 and in logarithmic scale in Fig. 7. 

 

 
Fig. 6. Theoretical profiles of resolvable spots with the broadening parameters κ ≈ 1.121, 1.248, and 1.391 for the same 

dimensionless apodization parameters β = 0, 3.1, 6.0, and 9.0. 

 

 
Fig. 7. Theoretical logarithmic profiles of resolvable spots with the dimensionless apodization parameters β = 0, 3.1, 6.0, 

and 9.0. 
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4. THEORETICAL ESTIMATIONS OF A DISPERSIVE COMPONENT 

BASED ON THE CALOMEL-MADE CRYSTALLINE AO CELL 
 

Now, one can estimate potential performances of a dispersive component, based on the 

calomel-made AO cell with the optical aperture D = 5.2 cm. The goals are designing 

similar crystalline AO cell and carrying out the needed proof-of-principle experiments with 

this AO cell. 

 

4.1. Effect of the acoustic beam divergence 

 

The angular divergence of the acoustic beam can be considered via estimating the length X 

of Fresnel acoustic zone when the unknown radiating acoustic aperture is equal to R. These 

values are connected with one another as X = R
2
 f 0 / (2 V) [13]. If it is granted that the 

acoustic beam belongs to Fresnel acoustic zone and X = 5.2 cm at the lower of the above-

chosen acoustic frequency f0 ≈ 50 MHz, one can find for α-Hg2Cl2 that 

cm085.0f/XV2R o . Thus with R ≥ 0.10 cm, which is rather typical value in 

practice, one can conclude that the expected angular divergence of acoustic beam is 

definitely small to be neglected. Consequently, the plane-wave approximation can be used 

for characterizing the acoustic beam propagation. The exact angular divergence of acoustic 

beam in the calomel non-collinear AO cell at f0 ≈ 50 MHz can be estimated as well. A 

reliable spatial size of the initial acoustic beam aperture that we will consider is close to L ≈ 

0.2 cm. With V = 0.347×10
5
 cm/s, one can calculate the corresponding acoustic wavelength 

Λ = V / f0 = 0.70×10
3

 cm and the angle of acoustic beam divergence φ = Λ / L = 0.35×10
-2

 

rad ≈ 0.2º to conclude that the angular divergence of the acoustic beam can be omitted. 

 

4.2. General estimations for the calomel-made AO cell 

 

For the calomel-made AO cell with D = 5.2 cm and L min ≈ 0.2 cm, the theoretical 

estimations have been performed and summarized in Table 1. These estimations are related 

only to the second (i.e. with m = 2) of recently found maxima [7] in a distribution of light 

scattered into the second order due to non-collinear two-phonon AO interaction, see Fig. 1. 

One can see from this table that rather high spectral resolution can be achieved in calomel 

with the exploitation of the pure slow shear elastic mode S[110]. Consequently, these data 

show that further development of a new approach to optical spectrum analysis is definitely 

desirable due to its improved spectral resolution. 
 

Table 1. Theoretical estimations for the 2-nd Max without the effect of apodization: δfT ≈ 3.337 kHz; type of the elastic 

mode is S [110]; the product 2 b D = λ2 / δλ includes the birefringence factor b. 

(405 and 442 nm); no (405 nm) = 2.0826, no (442 nm) = 1.98. 

 

λ, nm f0, MHz ΔfT, MHz B, dB NT, spots ΔλT, Å δλT, Å  2bD, cm 

405 

50.1 6.934 3 2078 560.5 0.2696 0.608 

57.8 6.010 4 1801 421.2 0.2338 0.701 

64.66 5.372 5 1610 336.5 0.2090 0.784 

442 

50.1 6.028 3 1806 529.4 0.2931 0.661 

57.8 5.197 4 1557 395.2 0.2540 0.762 

64.66 4.607 5 1380 314.5 0.2271 0.852 
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In acousto-optics, the spectral and frequency bandwidths as well as the frequency and 

spectral resolutions are connected with one another by the following relations Δλ = Δf λ/f0  

and δλ = δf λ/f0  , respectively. In particular, using Ref. [7], one can find the spectral 

bandwidth Δλ, determine the spectral resolution δλ from the frequency resolution δf = 

V/(2D), and then obtain the number of resolvable spots N = Δf/δf = Δλ/δλ. 

 

4.3. Acousto-optical figure of merit for the non-collinear two-phonon light scattering in 

calomel crystal 

 

Generally, estimating the AO figure of merit M2 for the above-chosen geometry in α-

Hg2Cl2 single crystal and the slow shear acoustic mode with the normalized displacement 

vector 2/)0,1,1(u


, the acoustic wave vector ]110[||K


, and the deformation tensor γ 

had been recently performed [7, 8]. Therefore, it is known that the effective photo-elastic 

constant is given by peff ≈ 0.055. 

 

Within the anomalous non-collinear acousto-optical interaction, the eigen polarization 

vectors 0e


 and 1e


 of the incident and scattered light beams should be orthogonal to one 

another 10 ee


, and they both have to be lying in the same plane as the wave vector 

]110[||K


. For the sake of simplicity, in this case, one can take K||e 0


 and u||e 1


, i.e. 

2/)0,1,1(e0


 and 2/)0,1,1(e1


. Then, the magnitude of M2 = nO

3
 nE

3
 ( peff ) 

2
 / (ρ V

3
 ) 

includes also the material density ρ = 7.2 g/cm
3 

 and a pair of rather dispersive refractive 

indices nO and nE. The last two parameters should be taken exactly at the wavelength λ 

exploited under condition that the correct tilt angle ψ is taken into account. As a result, one 

yields M2  822 × 10
–18

 (s
3
/g) for  = 405 nm and M2  606 × 10

–18
 (s

3
/g) for  = 442 nm. 

These values of M2 exhibit sufficiently efficient two-phonon light scattering in calomel 

crystal. 

 

Then, the above-chosen second maxima in light distribution require the following 

optimized power parameters (σx)2,Opt = {7.815, 8.21, 8.56} at f0 ≈ {50.1, 57.8, 64.66} MHz 

when α = {0.0665, 0.0885, 0.1108} cm
-1

 and the correction factor of apodization κ ≈ 

{1.121, 1.248, 1.391}, respectively. With x ≡ L = 0.2 cm, one can find σ2,Opt = {39.1, 41.05, 

42.8} cm
-1

. Now, the standard determination for σ [14] can be re-written specifically to the 

acoustic power density P2 needed for the second maxima as 

 

2
2

2
Opt,2

2

2
M

2
P .                                                                          (8) 

 

Thus, for example at λ = 405 nm and f0 ≈ 57.8 MHz, Eq.(8) gives the optimized value of P2 

≈ 682 mW/mm
2 

, see Table 2. Additionally, one has to find the Bragg angles of light 

incidence for the two-phonon regime as θ0 ≈ K/k = f0 λ /V. 
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Table 2. Pre-experimental estimations: d S = λ F / D is an ideal spot size; with F = 85 cm and D = 5.2 cm; the correction 

factors of apodization are κ ≈ {1.121, 1.248, 1.391}. 

 

λ, nm nO f0, MHz ψ, rad nE θ0, rad  dS), μm P2, mW/mm
2
 

405 2.0826 

50.1 0.039 2.0834 0.059 7.421 619 

57.8 0.044 2.0837 0.068 8.262 682 

64.66 0.050 2.0840 0.076 9.208 742 

442 2.0472 

50.1 0.044 2.0481 0.064 8.062 991 

57.8 0.051 2.0485 0.074 8.976 1092 

64.66 0.057 2.0488 0.083 10.004 1187 
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5. PROOF-OF-PRINCIPAL EXPERIMENTAL DATA 
 

5.1. Arrangement of the experiments 

 

First, one can estimate the potential contributions of the acoustic losses for the chosen slow 

shear elastic mode passing along the [110]-axis, whose displacement vector is oriented 

along the ]011[ -axis. Because of the coefficient of linear attenuation is Γ ≈ 230 dB/(cm 

GHz
2
) in a calomel single crystal [11], the factor α [cm

-1
] of the amplitude acoustic losses is 

determined as α [cm
-1

] = 0.1152 Γ [dB/(cm GHz
2
)] f

2 
[GHz]. The carrier frequencies f0 ≈ 

50.1, 57.8, and 64.66 MHz at the light wavelengths 405 and 442 nm, peculiar to the non-

collinear two-phonon light scattering in calomel, had been chosen above. Consequently, 

one can estimate the amplitude factors for linear acoustic losses by γ [dB/cm] = Γ f0
2
 , 

which gives γ = 0.575 dB / cm, α = 0.0665 cm
-1

 ; γ = 0.768 dB / cm, α = 0.0885 cm
-1

 ; and γ 

= 0.962 dB /cm; α = 0.1108 cm
-1

, respectively, for those frequencies. 

 

Additionally, one has to take into account the losses needed for converting the input 

electronic signal into an acoustic one, which are usually slightly exceeding 2 dB. However 

within these our experiments, we had decided to modify the piezoelectric transducer. The 

practically important problem is connected with relatively narrow frequency and spectral 

bandwidth of the AO cell exploiting the non-collinear two-phonon light scattering. The 

matter is that calomel is sufficiently effective acousto-optical material, so that the band-

shape width of the calomel-made AO cell can be expanded at the coast of decreasing the 

efficiency of that AO cell. In so doing, the thickness of upper electrode, placed over 

piezoelectric material, had been a little bit increased to implement the effect of oscillation 

damping. The goal of such a low damping was to decrease the quality factor of acoustic 

resonance inherent in that piezoelectric transducer. Our experimental estimations have 

demonstrated that such a damping grew the losses for converting the electronic signal into 

an acoustic one up to 3.0 – 3.5 dB, while the acoustic resonance curve of that piezoelectric 

transducer showed a broader maximum and leads to a broader band-shape of AO cell. 

 

Previously, we had to restrict ourselves by a maximum level P ≤ 0.5 W/mm
2
 of acoustic 

power density. However, novel design of the damped piezoelectric transducer admits the 

acoustic power density by a magnitude of about P2 ≤ 3.0 W/mm
2
 for the acoustic beam 

cross section of about 4 mm
2
 in the AO cell under consideration. The produced estimations 

demonstrate that the above-required levels of the parameters P2 and σ2,Opt for the second 

unit-level maxima lie in the ranges of accessible values. One can find from Eq. (8) that 

reaching the next maxima [7] need much higher acoustic power densities in comparison 

with the first ones. This looks rather conjectural from the viewpoint of requirements for the 

electric strength inherent in the available piezoelectric transducer. After that, pre-

experimental estimations for the calomel-made AO cell with D = 5.2 cm and Lmin ≈ 0.2 cm 

can be summarized in Table 3. These estimations imply exploiting the pure slow shear 

elastic mode in the scheme of the standard acousto-optical spectrum analyzer with the 

integrating lens of the focal distance F = 85 cm. 

 

The design of the calomel crystalline AO cell under consideration, operating in the regime 

of the non-collinear two-phonon light scattering, is presented in detail in Fig. 8. The 
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piezoelectric transducer represented by a thin plate made of the 163º Y-cut LiNbO3 single 

crystal had been placed on the [110] crystallographic plane of the calomel crystal. It 

provided the excitation of a slow-shear mode acoustic beam with the cross section of about 

4 mm
2
 and the length L = 0.2 cm of interaction in calomel. The needed Bragg and tilt 

angles, whose orientations are depicted in Fig. 8, are enumerated in Table 2.  

 

 
Fig. 8. Design of the calomel AO cell . 

 

5.2. Experimental results 

 

Our proof-of-principal experiments had been performed with a wide-aperture Bragg AO 

cell based on the unique calomel (α-Hg2Cl2) single crystal, which had an active optical 

aperture of about 52×2 mm, see Fig. 9. This pioneer AO cell allowed a maximum input 

acoustic power of about 20 W. It was able to operate over all the visible range starting from 

the optical wavelength λ = 405 nm, which combines the convenience of operating in just 

the visible range with the best-expected performances inherent in this AO cell. Practically, 

we used optical wavelengths λ = 405 and 442 nm from the single frequency solid-state 

lasers DPSS-405-SLM and DPSS-442-SLM (CrystaLaser). The CW-light radiation had 

linear state of the incident light polarization oriented almost along the crystallographic axis 

[110] of that AO cell. First, the calomel-based AO cell was prepared to be governed by the 

radio-wave signals at the central frequency f0 ≈ 50.1 MHz and then, after re-polishing and 

re-arranging the piezoelectric transducer, at the central frequencies f0 ≈ 57.8 and 64.66 

MHz. A set of electronic equipment for both generating and registering the corresponding 

electric ultra-high-frequency (UHF) radio-wave signals had been exploited. Initially, the 

tunable UHF-signal was applied to the electronic input port of the AO cell through a wide-

band UHF-amplifier HD19152 (0.15 – 230 MHz, 20 W) and the corresponding impedance-

matching electronic circuits, see Fig. 9. The optical part of our experiments included a 15-

mm Glan-Taylor linear polarizer (the extinction ratio ~10
5
, Thorlabs) and a four-prism 

(Edmund Optics) beam expander, which operated with the coherent light beams polarized 

in the plane of expanding and provided rather flat (non-uniformities were better than ~ 

10%) optical beam profiles. During the experiments with the beam shaper rather accurate 

angular adjusting of the incident light beams had been achieved. By this it means that both 

the correct Bragg angles of incidence and the needed tilt angles had been optimized. The 3-
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inch achromatic doublet lens (Edmund Optics) with the focal length of about 85 cm had 

been used as the integrating lens, and the multi-pixel CCD-linear array (Toshiba) consisting 

of 4.7 µm pixels was playing the role of a photo-detector. The layout of the experimental 

set-up is presented in Fig. 9, where only the 2-nd order of light scattering pattern is shown. 

 

 
Fig. 9. A layout of the experimental set-up; only the 2-nd order of light scattering is depicted. 

 

The experiments consisted of two parts. The first of them included detecting the frequency 

band-shape with a low oscillation damping, i.e. determining the effective bandwidth of the 

Bragg non-collinear two-phonon light scattering at a 0.405–level of light intensity. The 

second part of those experiments was related to estimating possible spectral resolution 

within involving this AO cell into the optical spectrum analysis. 

 

It was done via measurements of individual resolvable spots in the focal plane of the 

integrating lens for the light deflected by into the second order of scattering. Figure 10 

shows an example of the experimental trace for the frequency band-shape inherent in the 

calomel AO cell with the damped piezoelectric transducer at the central frequency about 

57.8 MHz (the acoustic losses of 4 dB/aperture), which had been detected under lighting by 

the coherent violet light λ = 405 nm. The total experimental frequency bandwidth at a 

0.405–level of light intensity has been estimated by ΔfM ≈ 6.815 MHz. 

 

 
Fig. 10. Experimentally obtained frequency band-shape of the calomel-made AO cell at f0 ≈ 57.8 MHz and λ = 405 nm. 
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Precise optical measurements had been performed at two wavelengths 405 and 442 nm to 

obtain sufficiently reliable estimations for the frequency resolution provided by the calomel 

AO cell together with the above-described optical system, including the CCD linear array. 

The performed measurements had been done in the regime of the so-called “hot cell”, i.e. 

with a radio-wave signal applied at the input port of the α-Hg2Cl2–cell. Figure 11 depicts 

the intensity profile with the spot size of about 9.98 microns, which include suppressing 

side lobes (theoretically) down to about –27 dB due to the effect of non-linear apodization 

with β ≈ 6. The measurements showed that the main lobe of a spot gave lighting about two 

pixels of the CCD-row that provided acceptable resolution of a pattern from viewpoint of 

the sampling theorem. 

 

As it had been noted, our experimental results have been obtained using the integrating lens 

with F = 85 cm at the wavelength 405 nm, so that theoretically the spot size is dT =  λ F / 

D ≈ 8.262 μm with κ ≈ 1.248. Together with this, the plot in Fig. 11 exhibits the 

experimental spot size dM = λ F / DM ≈ 9.980 μm that corresponds to the aberration factor ζ 

M ≈ 1.208 (which includes various optical demerits of the system), and consequently, to the 

effective aperture DM = λ F / dM ≈ 3.45 cm for the AO cell. 

 

 
Fig. 11. Light intensity profile of an individual resolvable spot for the calomel-based AO cell at λ = 405 nm. 

 

The calomel crystal has rather high refractive indices. For example, the main ones are about 

NO = 2.083 and NE = 3.038 at λ = 405 nm used during the experiments. This is why one can 

expect significant optical attenuation inside the crystal and remarkable reflections from the 

facets of calomel-based AO cell. Undoubtedly, to minimize potential optical losses the 

facets of similar AO cell ought to have anti-reflection coating as it had been noted in the 

introduction. Nevertheless, we had performed our proof-of-principle experiments with the 

AO cell that had not been coated. Therefore, the relative efficiency of light scattering into 

the second order had been first experimentally estimated and then measured at the output 

facet of the AO cell. In so doing, the light intensity detected at the output facet, transmitted 
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through the cell in the absence of an external UHF electronic excitation, had been counted 

as the unity. The light intensity scattered into the second order in the presence of that 

electronic signal and measured at the output facet had been considered as the usable optical 

signal caused by UHF electronic signal. The ratio of this usable optical signal to the 

initially transmitted light intensity (both are measured at the output facet of that AO cell), 

one can consider as the relative efficiency of light scattering. Thus the relative efficiency, 

determined as it has been described above, had been measured at the optimal acoustic 

frequencies about f0 ≈ 50.1, 57.8, and 64.66 MHz as well as at λ = 405 and 442 nm. The 

maximum relative efficiency at the optimal acoustic frequency about 57.8 MHz and λ = 405 

nm had been experimentally estimated by the value ~ 0.91. 

 

As it had been noted before, the effect of acoustic losses in a medium leads only to scaling 

the nonlinear distributions along the dimensionless coordinate σx. Equation (2) describes a 

regular sequence of the unit-level maxima whose periodicity depends on the parameter a = 

α z, and it can be applied to the case of using the acoustic frequency f0 ≈ 57.8 MHz, which 

leads to a regime with a  0. Experimentally the distribution for the unit-level maxima has 

been registered at the constant central frequency f0 ≈ 57.8 MHz (α = 0.0885 cm
-1

) with the 

fixed length L = 0.2 cm of interaction in the two different points of the AO cell’s optical 

aperture. These points were related to the points zA ≈ 2 cm zB ≈ 4 cm. Varying the acoustic 

power parameter σ via variations of the applied electronic and acoustic power, one had 

obtained the needed magnitudes of σx. Even with σx = 10 and σ = 50 cm
-1

 one has P2 ≤ 1.12 

W/mm
2
. The corresponding plots combining theoretically calculated from Eq.(2) plots with 

the experimental points are presented in Fig. 12. The theoretical positions for all these unit-

level maxima are determined by Eq.(3). 

 

 
Fig. 12. Unit-level maxima vs. the dimensionless acoustic power parameter σx at f0 ≈ 57.8 MHz and ηx = 0: dotted line 

(theory) is for a = 0; solid line (theory) and squares (experiment) are for zA≈ 2 cm, a = 0.177; while dashed line (theory) 

and triangles (experiment) are for zB ≈ 4 cm, a = 0.354. 

 

Figure 11 demonstrates the light intensity profile of a resolvable spot, which is a result of 

the standard processing provided by computer software accompanying the CCD-camera. 

One can see in Fig. 11 that full width at a 405-level of maximum of the main lobe can be 

estimated by about of ~10.0 (in fact 9.98) microns. 
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The last data show that about 1/3 of the active optical aperture of the AO cell is lost due to 

imperfectness of the lens and AO cell’s crystalline material together with the total effect of 

linear acoustic losses B = 4 dB per aperture. Therefore, instead of theoretical estimations of 

the frequency resolution δfTh = V / 2D ≈ 4.1646 kHz, one yields the measured value δfM 

= V / 2DM ≈ 5.031 kHz, which leads to the experimentally obtained spectral resolution δλ M 

= λ δfM / f0 ≈ 0.3525 Å. at λ = 405 nm. Then, Δλ M = ΔfM λ / f0 ≈ 426.9 Å. Thus the 

experimentally obtained number of resolvable spots is NM = ΔfM / δfM = ΔλM / δλM ≈ 1211 

spots. 

 

In Table 3, the comparison of theoretical and experimental results with the presence of 

nonlinear apodization is presented. One can see that some experimentally obtained data, 

namely, the frequency and spectral bandwidths as well as the numbers of resolvable spots 

exhibit general tendency to exceed the above-calculated theoretical values. This tendency 

takes place despite the presence of natural imperfectness peculiar to all the optical 

components in our experimental set-up. Similar results can be attributed to the use of 

damping the piezoelectric transducers in the developed AO cell. 

The obtained results with the developed regime in presence of nonlinear apodization with 

the calomel AO cell (the spectral resolution δλM ≈ 0.35 Å at 405 nm, which gives the 

resolving power exceeding RM = 11,570 with the spectral bandwidth Δλ M ≈ 427 Å and the 

number of resolvable spots NM ≈ 1211) have no formal gain in comparison with our 

previous data [8]. However, now we have much clearer understanding the details of 

physical processes within the phenomenon under consideration, which is accompanied by 

an important technical result. Namely, the obtained data include the nonlinear apodization, 

which reduce the first side lobes down to the level of about -27dB, i.e. exactly this level 

exhibits the initially achieved dynamic range of potential system for optical spectrum 

analysis without any additional facilities. The presented findings can be characterized as an 

updated and physically refined interpretation of recently presented data [8], which allows 

us to go to the heart of the matter under consideration. 

Table 3. Theoretical and experimental data with nonlinear apodization for: δfTh ≈ 3.337 kHz with κ ≈ {1.121, 1.248, 
1.391}. 

 

λ, 

nm 

f0, 

MHz 

ΔfTh, 

MHz 

ΔfM, 

MHz 
ΔλTh, Å ΔλM, Å 

κ δλTh, 

Å 
δλM, Å NTh NM 

405 

50.1 6.934 7.813 560.5 631.7 0.3022 0.3651 1854 1730 

57.8 6.010 6.815 421.2 426.9 0.2918 0.3525 1443 1211 

64.66 5.372 6.070 336.5 380.2 0.2907 0.3512 1157 1083 

442 

50.1 6.028 6.878 529.4 606.8 0.3286 0.3969 1611 1529 

57.8 5.197 5.919 395.2 452.6 0.3170 0.3829 1247 1182 

64.66 4.607 5.238 314.5 358.1 0.3159 0.3816 996 938 
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6. CONCLUSION 
 

We have made a new step in characterizing an advanced nonlinear Bragg regime of the 

non-collinear two-phonon light scattering. Namely, in addition to the already studied by us 

behavior of acousto-optical nonlinearity in the vicinity of the first (with m = 1) unit-level 

maximum now an area near the second unit-level maximum (with m = 2) has been 

investigated comprehensively. For this purpose, in parallel with previously presented 

analytical description of this phenomenon, the inspection in the amplitude and frequency 

domains has been developed to refine somewhat our previous considerations. It had been 

demonstrated that an area of the second unit-level maximum exhibits almost the widest 

band-shape of to-phonon light scattering and consequently gives the spectral (and 

frequency) bandwidth exceeding the regime with m = 1 by about two times. Additional 

broadening of the spectral bandwidth had been achieved experimentally due to exploiting 

the damped piezoelectric transducer at the coast of the operation efficiency in part. 

Together with these aspects, the effect of nonlinear apodization has been revealed in full 

measure within the regime with m = 2 during the investigations carried out. This effect 

appears due to a combined action of the revealed acousto-optical nonlinearity and the linear 

acoustic losses in crystalline material of AO cell. The obtained nonlinear apodization is 

able to reduce the first side lobes down to the level of about -27 dB. In other words, exactly 

this level exhibits the initially achieved dynamic range of potential system for optical 

spectrum analysis of high spectrum resolution without any additional facilities. 

 

The obtained data, achieved with the calomel-made AO cell (namely, the spectral 

resolution δλM ≈ 0.35 Å at 405 nm, the resolving power exceeding RM = 11,570 within the 

spectral bandwidth Δλ M ≈ 427 Å) in the presence of nonlinear apodization, have no formal 

advantages over our previous results [8]. Nevertheless, now we have much better 

understanding of the features specific to physical processes within the regime of two-

phonon light scattering, which leads to practically useful conclusions. These inferences 

have been confirmed by the developed analysis and our proof-of-principle experiments. 
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