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Abstract 
 
 

The design and application of high performance Acousto-Optic Tunable Filters (AOTFs) 

is the topic of this thesis.   The  most common material commercially used to build 

AOTFs is Tellurium Dioxide because of its extended wavelength range from 380 nm up 

4.5 µm, a good acousto-optic figure of merit, and the availabili ty in crystal of large di- 

mension with  good optical quality.  The performance of an AOTF can be summarized 

by passband versus wavelength,  RF  power to achieve peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ and 

tuning range.  One of the most relevant parameters which limits  AOTF performance 

is the RF  power versus ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉency,  which increases with  2.  A  practical limi - 

tation has been imposed to 50mW /mm2  , above these level thermal gradient ÁǟÅÃÔÓ 

the performance.  This  level is easy reached for conventional AOTF for wavelength 

above 2.5 µm.  The reduction of RF  power requirement  is achieved by means of acous- 

tic resonant cavities.   The theoretical development and subsequent design of the first 

resonant AOTF developed inside Gooch and Housego is carried out,  and the exper- 

imental results are in good agreement with  the predicted performances.   The results 

obtained from the experience with  resonant AOTFs  lead to extending the wavelength 

range from 180 nm up to 10 µm using ÄÉǟÅÒÅnt acousto-optic materials with  limited 

performance with  conventional configuration.  Crystal quartz is investigated to extend 

the wavelength range down to 180 nm,  this material is well known in acousto-optic 

applications.  The resonant configuration is particularly  suitable for this crystal since 

the advantage factor is particularly  high thanks to the low acoustic attenuation.  The 

experimental results show good agreement with  the predicted performances, leading to 

a large aperture AOTF operating  between 180 nm and 380 nm with  RF  power for peak 

ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ below 8 W.  This is the first  time that a resonant imaging AOTF 

made of crystal quartz is reported in li terature,  to the best of the authors knowledge. 

Calomel single crystal is investigated to realise an AOTF operating between 4.5 µm 

and 10 µm.  Due to its physical properties which are incompatible with  conventional 

manufacturing processes, ÄÉǟÅÒÅnt challenges (such as bonding the ultrasonic trans- 

ducer) are solved by the author in order to build a high performance AOTF. Despite 



 

the preliminary  results showing promise, the acousto-optic properties of the material 

are limiting  the achievable performance, at  least for acousto-optic tunable filters, a 

fact that  does not seem to have been widely appreciated , and which cannot solved 

by just  pecialize the design.  From the application point of view an optical spectrum 

analyser based on AOTF technology is investigated,  where a dual polarization AOTF 

is developed in order to realize a spectrometer with  a competiti ve price operating in the 

wavelength range between 2.5 µm and 4.5 µm.  The ÅǟÅÃÔÓ of the acoustic attenuation 

on a large aperture AOTF is investigated theoretically and experimentally since the 

performance is ÁǟÅÃÔÅÄ in the UV  range leading to non-ideal operating conditi on, and 

a solution is proposed to overcome this issue The results obtained will  allow the design 

of high performance AOTFs  in the industrial  environment leading to a new types of 

devices with  enhanced performance. 
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Chapter  1 
 
 
 

 

Int roducti on 
 

 
 
 
 

The study and development of Acousto-Optics  (AO)  devices started several decades 

ago and their  prevalent application was in lasers systems to perform ÄÉǟÅÒÅnt oper- 

ations such:  Q-switching in laser,  light modulation,  mode locking, pulse picking and 

several other applications. It  is possible to classify AO  devices by the types of AO  in- 

teraction, which are identified  by the acoustic mode selected and by the characteristic 

of the material. 

 
 

Figure 1.1:  Acousto-Optic device. 
 
 

Acousto-Optic devices are realized by bonding an ultrasonic transducer to an AO  mate- 

rial, the former generates acoustic waves when an RF  signal is applied. The ultrasonic 

transducer when excited with  an RF  signal will  generate acoustic waves propagating 

inside the crystal generating a tr avelling grating. 

The  acoustic optic interaction could be studied by considering the strain generated 
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For short wavelengths below 380 nm,  crystal quartz and KDP [3]  may be used,  both 

crystals have challenges which are required to be solved before being able to build 

AOTF. The crystal has small M2  leading to elevated RF  power versus ÄÉǟÒÁÃÔÉÏÎ Åǣ- 

ciency.  KDP crystals have a modest M2  but physical properties  requires development 

of special processes for polishing and bonding. 
 

 
 
 
 

1.3     Acousto-Optic  devices: Overview  
 

 
There are several acousto-optic devices commercially available, which are used for dif- 

ferent applications. A short list  of the most common AO  devices is reported below. 
 

 
Ɇ  Acousto-optic  modulators  (AOM) are used to control  and modulate the in- 

tensity of light at high frequency.   The modulation frequency is up to 70 MHz 

and can have a rise time as low as 4 ns. 
 

 

Ɇ  Acousto-optic  beam deflectors  allow an accurate spatial control  of an optical 

beam, where the deflection angle is dependent to the RF  frequency applied. 
 

 

Ɇ  An acousto-optic  frequency  shifter  (AOFS) increase or reduce the frequency 

of the optical beam due to the Doppler shift.  The sign of the frequency shift is 

determined by the phase matching condition Eq.1.1 
 

 

Ɇ  An acousto-optic  mode locker is a modulator used inside the laser cavity to 

actively control  the loss and induce a fixed-phase relationship between multiple 

longitudinal  modes of the laser cavity. 
 

 

Ɇ  An  acousto-optic  Q-swit ch (AOQS) is placed inside a laser cavity to control 

the amount of light  circulating inside the resonator.    An  AOQS in turned on 

ÄÉǟÒÁÃÔÓ light out of the optical beam path within  the cavity,  increasing losses 

and reducing the Q-factor in order to build up the population inversion in the 

gain medium.   When the acousto-optic Q-switch is turned Ïǟȟ the losses within 

the cavity  are reduced very quickly,  increasing the Q-factor  and allows rapid 

amplification to create a very high intensity, short pulse. 
 

 

Ɇ  An acousto-optic  tunable  filter  (AOTF)where  the RF  dri ve frequency deter- 

mine the center wavelength of the narrow passband changes. These devices have 

the capability of fast random access tunable filters  
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1.4     Design procedure  and industrial  process  to develop  
 

 

AOTF 
 
 

The  AOTF prototype development was dictated  by  the  hosting company which is 

Gooch  &  Housego Ltd.  Where the manufacturing process is done on site.   The  first 

step is a feasibility study and optimization  in order to determine the best performance 

achievable minimizing the crystal dimension.   The feasibility study is carried over by 

ÄÉǟÅÒÅnt design routines developed by the author in Matlab  and reported in the ap- 

pendix,  which gives the information  required to design the AO  cell and the predicted 

performances. The AO  cell is processed in production after three technical drawings 

are prepared and the Bill  Of Materials with  the described process is prepared and ap- 

proved by the ÄÉǟÅÒÅnt area manager.  Job  cards are prepared and added to the queue. 

The process is described in details in appendix D. 
 
 
 
 

1.5     Motivation  of the study  on high  perf ormance  AOTFs. 
 
 

The performance of an AOTF could be defined as acoustic power required to achieve 

peak ÄÉǟÒaction ÅǣÃiency.   One of the limitations  is dictated by the availabili ty of a 

tunable RF  sources  which is able to deliver power level above 50 W.  Acoustic waves 

in the crystal are attenuated generating thermal gradient inside the AO  material [6], 

Áǟecting the performances and in some case damaging irre versibly the device. 

High performance  AOTFs  can be built  by careful design of the acousto-optic inter- 

action,  which is done by mathematical models intr oduced in design routines. Several 

design routi nes were prepared by the author to predict the AOTF performances and 

to compare the experimental results against the predicted performance. 

The  practical limitation  applied on TeO2   is 25 mW/mm 2   of RF  power,  above this 

the performance of the AOTF is ÁǟÅÃÔÅÄ and is ÄÉǣÃÕÌÔ to predict with  mathematical 

models. This limit  is easily reached for wavelength above 2 µm in the case of imaging 

AOTF, in order to extend the range in the Infra-red (IR)  up to edge of the transmis- 

sion range,  a special device was investigated working with  acoustic resonant cavities 

(Chapter 5). 

One of the reason to investigate the enhancement achieved by the acoustic resonant 

cavities, was the development of an AOTF working up to 10 µm well above the trans- 

mission range of TeO2.  In literature  are reported ÄÉǟÅÒÅnt birefringent materials which 

can be use to realize AOTFs, such as Mercurous halide [7], single crystal tellurium  [4]. 

Calomel single crystal was investigated in order to extend the operational wavelength 
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range of AOTFs up to 10 µm to develop an AOTF for a system under development in 

the MINERVA project FP-7 (Chapter 6), with  some promising results. 

Crystal Quartz is an AO  material typically used in high optical power application such 

as the AO  Q-switch, where the AO  interaction is  peciali by the longitudinal  acoustic 

mode.  This AO  material can also be used for the slow shear interaction therefore an 

AOTF can be built filtering  wavelengths in the UV  range down to 180nm.  In the liter - 

ature, other AO  materials have been reported that can be used in similar  wavelength 

range, such as KDP, which has a better M2  compared to Crystal Quartz.  KDP crystal 

requires special process  during the polishing and bonding processes due to its physi- 

cal properties. Crystal Quartz was investigated to realise AOTF for UV  applications, 

because all the processes involving the crystal quartz are well established in Gooch & 

Housego Ltd., in order to impr ove the performance an AOTF in resonant configuration 

has been designed and built  and experimental results are reported in chapter ??. 
 

 
 
 

1.6     Thesis structure  
 
 

Approaching the study of acousto-optic is quite challenging because the AO  interaction 

relies on the interaction of the acoustic field with  the optical field.  The author decided 

to follow the step of [6]  intr oducing first  the optical properties of the crystals (chapter 

2) and then the acoustic wave in anisotropic materials (chapter 3).  The theory of the 

AO  interaction is intr oduced in chapter 4.   The  study of the resonant AOTF made 

of TeO2   is reported in chapter 5.    The  study carried over for the AOTF based on 

Calomel is reported in chapter 6,  extending the wavelength range above 4.5 µm.  The 

Quartz AOTF has been investigated  in chapter ??. A special case of an imaging AOTF 

designed to work with  dual polarization AOTF is reported in chapter 7.  The ÅǟÅÃÔ of 

acoustic attenuation in very large aperture AOTFs has been investigated in chapter 8. 
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Chapter  2 
 
 
 

 

Optical  properties  of anisotropic 

crystals  for  Acousto-Optic  appli cations  

 
 
 
 

2.1     Intr oduction  
 
 

Acousto-Optic (AO)  devices rely on the interaction between acoustic and incident elec- 

tromagnetic waves, the optical properties of AO  materials are summarized in this chap- 

ter; the acoustic wave properties in AO  crystals are the topic of chapter 2. 

The choice of the AO  medium is dictated by the transmission range and by the AO 

properties, such as the acousto-optic figure of merit  (M2),  birefringence, and other 

physical and manufacturing aspects.  An  analysis is necessary to verify that  all the 

aspects required to build a functional devices are satisfied. 

The wavelength range studied starts from deep-UV up to Long Wave Infra-Red (LWIR) 

up to 10µm, therefore ÄÉǟÅÒÅnt materials are required to cover this range.  In practice 

three ÄÉǟÅÒÅnt intervals can be identified  [6]:  

 

Ɇ  180 nm < ɚ < 450 nm :  Crystal Quartz [32]  and KDP [4̄2m] 
 

Ɇ  450 nm < ɚ < 4500  nm :  Tellurium  Dioxide (TeO2)  [422]  
 

Ɇ  ɚ > 4500  nm :  Mercurous halides and Single Crystal Tellurium  [32m] 
 
 

The  transmission windows of Quartz  and KDP extend well above 450 nm but  the 

poor acousto-optic figure of merit  compared to tellurium  dioxide limits  the use only 

in the UV  range [3],  where the transmission of other AO  materials is not ÅǣÃÉÅnt. 

The same limit  is applied to the IR  material such mercurous  halide (e.g.   mercurous 
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chloride transmits from 450 nm up to 20 µm) and single crystal tellurium  (3.5 µm ɀ 36 

µm).  Hence for the wavelength range between  450 nm and 4.5 µm Tellurium  Dioxide 

is the common material of choice to build AOTF due to its high AO  figure of merit 

and availabili ty of crystal of large dimension with  good optical quality; in addition the 

manufacturing process is well established in Gooch and Housego Ltd. (UK). 

The  next section is dedicated to the optical properties of the crystals listed above, 

where the data available in literature  are examined to identi fy the best data set to be 

intr oduced in the developed design routine. 
 
 
 
 
 
 
 

2.2     Optical  pro perties  of Acousto-Optic  crystals  
 

 
 
 

The wavelength dependency of the refractive index can be described empirically  by the 

Sellmeier equation or in some case by curve fitting  of experimental data. 

The acousto-optic crystals investigated are all positive uniaxial birefringent crystals, 

which are characterized by two refractive indexes surfaces identified  by the polarization 

state.   The  ordinary  and extraordinary refractive index surfaces are related by  the 

vertical and horizontal polarizations, respectively. 

In non optical active material the refractive index surfaces for birefringent materials 

are defined for the ordinary  polarization as a sphere of radius nO  and by an ellipsoid 

rotated about the optical axis with  the minor  axis equal to nO  along Z and the major 

axis perpendicular to Z  equal to nE .  The  values of the refractive index in a plane 

rotated about the Z axis for the ordinary  refractive index is defined by: 
 
 

no (ɚ, ɗ) = nO (ɚ)  (2.1) 
 
 
and for the refractive index of the extraordinary  ray is: 

 

 
 

ne(ɚ, ɗ) = ã
n2

 
nO (ɚ)nE (ɚ) 

2
 

 

(2.2) 

O (ɚ) sin (ɗ) + nE (ɚ)2 cos2(ɗ) 
 
where nE  is the extraordinary  refractive index for perpendicular propagation direction 

to the optical axis.  The refractive index surfaces in the k-space diagram are shown in 

Fig.(2.1(a)) in absence of optical activity. 

The refractive indexes of Crystal Quartz,  Tellurium  Dioxide (TeO2),  and Calomel are 

studied in the wavelength range of interest for the AO  applications of interest. 
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2.3     Optical  activi ty in  crystals  
 

 

Among the AO  crystals examined tellurium  dioxide and crystal quartz are also charac- 

terized by optical activity.  If the optical activity is intr oduced then the two surfaces are 

separated by a quanti ty ŭ at the optical axis, which ÁǟÅÃÔÓ the shape of the refractive 

index surfaces. 
 
 

 
 

Figure 2.1:  Refractive index surfaces for non-opitcal active crystal(a) and for an optical active 
crystal(b). 

 
 
 

The  magnitude of ŭ is wavelength dependent because the optical activity  is related 

to the optical rotatory  power,  which is dispersive with  wavelength.   The ÅǟÅÃÔ of the 

optical rotatory  power is to rotate the polarization of plane wave propagating along the 

optical axis.  This ÅǟÅÃÔ has been studied for long time and in literature are reported 

the values for ÄÉǟÅÒÅnt optical active crystals [8][9][10]  and it  is used to realize rotators. 

In general,  the rotatory  power is defined by ɟ [deg/mm]  and its sign is defined by the 

handiness of the crystal.  In this thesis the sign convention used is described by Nye [8], 

where for left handed quartz the rotatory  power is considered negative, and for right 

handed quartz is positive. 

The handiness will  ÁǟÅÃÔ only the rotation  direction,  and has to be taken in account 

for devices with  input  direction close to the optical axis (such as acousto optic  pecial- 

tor),  in other AO  devices the handiness is relevant only during the orientation of the 

crystal, because we deliberately  choose to operate away from the optic axis to keep the 

eigenstates of polarization approximately linear. 

The perturbation  (ŭ) of the refractive index surfaces along the optical axis for an arbi- 

trary  wavelength is defined by: 

ŭ = o ɜɉπɊ 
2 

 

(2.3) 



1
0 

 

o 

E 

 
 

where ɜɉπɊ ÉÓ the activity tensor along the optical axis.  A simplified model is intr oduced 

by Xu and Stroud [6]  where  ŭ is a constant deformation of the refracti ve index surfaces 

only at the optical axis, hence both surfaces become ellipses and the new ordinary  and 

extraordinary  index surfaces are defined by: 
 

 
 

no (ɗ) = 
 

ã
n2

 
n2(1 ɀ ŭ) 

2  2  2
 

 

(2.4) 

o (1 ɀ ŭ) sin2(ɗ) + no cos (ɗ) 
 

nE (ɗ) = ã
n2

 
no (1 + ŭ)nE 

2  2
 

 

(2.5) 

o (1 + ŭ) sin2(ɗ) + n2   cos (ɗ) 
 

 

with  ŭ defined in Eq.2.3.    This  approximation is only applicable for small angle of 

propagation from Z axis; if extended to the whole plane this model leads to a wrong 

estimation of the optical activity magnitude, because the perturbation  of the refractive 

index surfaces is still  present for propagation far from the optical axis and disappear 

only for direction perpendicular to  the optical axis,  this model is also reported by 

Simons et al.[11], where the polarization of the light tr avel unchanged only for direction 

perpendicular to the optical axis.  The perturbation  created by optical activity in an 

 

 
 

Figure  2.2:   Refractive  index  surfaces  of  the extraordinary  and ordinary  polarizations with 
optical activity,  dotted line,  and without optical activity,  solid line  (left).   $ÉǟÅrence  of the 
refractive indexes due to the optical activity (r ight). 

 
 
Ideal crystal applying the model described by Xu and Stroud [6]  is shown in Fig.2.2(a), 

as expected the ÅǟÅÃÔ of the optical activity disappears only at a direction perpendicular 

to the optical axis (Fig.2.2(b)).  Experimentally it  has been seen that the optical activity 

ÅǟÅÃÔÓ become negligible after a critical  angle, which is material dependent, hence the 

previous model shows its limited  validi ty for direction far from the optical axis. 

Nye [8]  describes  the optical activity ÅǟÅÃÔÓ for an arbitrary  propagation direction  from 

the optical axis intr oducing the gyration tensors (G )[8]  for two directions one parallel 
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and one perpendicular to the optical axis.  This model allows to extend the validi ty of 

the optical activity ÅǟÅÃÔ for any propagation direction, because the gyration scalar is 

defined as: 

G = gij  li l j  (2.6) 
 

where gij  are the  components of the  gyration tensor,  and  l i  and  lj   are the  cosine 

direction.  The rotatory  power is equal to: 
 

 

Ǵ 
ɟ = 
ɚn̄ 

 

(2.7) 

 

where n̄  = 
Ѝ

no nE stands for the geometric mean refracti ve index. The optical activity 

is intr oduced using the activity tensor ɜ in [6], which is related to the gyration tensors 

by: 

ɜij  = ni nj G  (2.8) 
 

The components of the gyration tensor depends on the crystal symmetry and in case 

of tetragonal and trigonal crystals is represented in matrix  notation as: 
 

 
 
g11 0 0    

gij   =   0 g11 0      

0 0 g33 

(2.9) 

 
 

therefore intr oducing Eq.2.9 in to Eq.2.3 using Eq.2.8 and Eq.2.6 then 
 

 
 

ŭ(ɗ) = 
g11 cos2 ɗ + g33 sin2 ɗ 

2n2 

 

(2.10) 

 

 

then for a propagation angle perpendicular to the optical axis (ɗ = 0Ǔ ) the optical 

activity  creates a perturbation  proportional  to ŭ = g11 /( 2n2 ), and for a propagation 

direction parallel to the optical axis becomes ŭ = g33 /( 2n2 ). 

The  optical activity  is intr oduced to  investigate the ÄÉǟÅÒÅnt aspect related to  the 

AO  material used such as handiness and birefringence and its magnitude for ÄÉǟÅÒÅnt 

materials is reported in the next section. 
 
 

 

2.4     Optical  Properties  of Crystal  Quart z 
 
 

The refracti ve indexes of crystal quartz is reported by Ghosh [12]  and extensive study 

has been done to fully  characterize the wavelength dependency  of the materi al.   The 

dispersion of the refractive index is described by the Sellmeier equation with  two oscil- 
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i 

 
 

lators: ã 

n = A + 

 
Bɚ2 

ɚ2 ɀ C 

 
Dɚ2 

+ 
ɚ2 ɀ E 

 
 
(2.11) 

 

where ɚ in micrometer and the constant values for both polarizations are reported 

in Tab.A.1.  The ordinary  and extraordinary  refractive indexes of crystal quartz were 

considered only in the region of interest for specific AO  applications; they are shown 

in Fig.2.3(a); the variation of the birefringence with  wavelength is shown in Fig.2.3(b). 

Crystal  Quartz  is an optical active material,  therefore the polarization of the light 

 

 
 

Figure  2.3:   Refractive  index  of ordinary,  solid line,  and extraordinary  ray,  dotted line,  for 
the wavelength range of interest (left).  Birefringence  versus wavelength (ri ght). 

 
 

Undergoes to a rotation  while propagating inside the crystal,  and the perturbation  of 

the refractive index surface is described in the next section. 
 
 
 

2.4.1     Optical  Activi ty  in  Crystal  Quartz  
 
The gyration tensors for crystal quartz are reported in literature  for ɚ = 510 nm by Nye 

[8]  and are equal to g11 = ᴜ 5.82×10ī5  and g33 = ±12.96×10ī5, where the right-handed 

quartz is for the upper sign and the left-handed quartz is the lower sign.   The value 

of ŭ is estimated intr oducing Eq.2.10 for a given wavelength.  The dispersive nature of 

the gyration tensor has been investigated by Arteaga[13]: 
 

 

Ai ɚ
3 

gii  = 
(ɚ2 ɀ B2)2  

(2.12)
 

 

 

with  ɚ expressed in  meter and the  constants Ai  and Bi  reported in  Tab.2.1  for a 

wavelength range between 200 nm and 800 nm.  From the values of gii  obtained from 
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gii  

 

Handiness 
 

Ai 

 

Bi 

 

g11 

 

LH 
 

27.7E-3± 1.7E-3 
 

105.6±5.7 

 

g11 

 

RH 
 

-29.8E-3± 1.5E-3 
 

91.1±4.2 

 

g33 

 

LH 
 

-60.9E-3± 0.2E-3 
 

97.54±0.05 

 

g33 

 

RH 
 

60.4E-3± 0.5E-3 
 

97.33±0.05 

 

Table 2.1:  Constants  for the dispersion equation of the gyration components in crystal quartz. 
 
 
 
 

2.12 is possible to estimate the rotatory  power of crystal quartz for an electromagnetic 

wave propagating along the optical axis intr oducing Eq.2.12 into Eq.2.8 obtaining: 
 
 

ɟ(ɚ) = 
ǵ33 

ɚno 

 

(2.13) 

 

 

which has been compared with  the values reported by Bagan  et al.[9].    The  rotary 

power has been measured for a wavelength range between 0.408 µm and 1.565 µm 

propagating along the optical axis and a best-fit  relation is reported: 
 

 
 ɚ  ɚ  ɚ 

ɟ(ɚ) = a1 + a2e
ī 

a3  + a4e
ī 

a5  + a6e
ī 

a7  (2.14) 
 
 

where a1  = 1.65569432,  a2  = 1104.28722386,  a3  = 0.09862624,  a4  = 181.71620197,  a5 

= 0.05857032, a6  = 88.56794745, a7  = 0.35912872. 

There are no values reported for the other gyration tensor g11  for a broad wavelength 

range, but only for ɚ = 510 nm, which is confirmed by [13].  The validi ty of the results 

reported by Arteaga et al. [13]  and by Bagan et al. [9]  in the wavelength range within  

200 nm and 800 nm is shown in Fig.2.4(a), and the related error  with the Bagan values 

is shown Fig.2.4(b). 

The best-fit  curve accuracy drops for wavelengths  below 400 nm, and cannot be used in 

case of AOTF design.  An angle where the optical activity is absent could be determined 

from Eq.2.10, solving 

f (ɗ) = g11 cos2 ɗ + g33 sin2 ɗ (2.15) 
 

in the wavelength range from 200 nm up to 800 nm the critical  angle where the optical 

activity is zero changes with  wavelength as shown in Fig.2.5. 

In conclusion two ÄÉǟÅÒÅnt set of values has been found in literature,  for ɚ > 400 nm 

both sets are in good agreement with  the experimental results.  For ɚ < 400 nm only 
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Figure  2.4:   Optical  activity  versus wavelength using Art eaga and Cornu  formula(a).   Error 
between the two models (b). 

 
 
the values reported in [13]  seems  to give a better estimation of the optical activity in 

crystal quartz. 

 

 
 

Figure 2.5:  Variati on of the criti cal angle with wavelength. 
 
 
 
 
 
 

2.5     Tellurium  Dioxide  
 
 

Tellurium  Dioxide has a transmission  range from 380 nm to 4.5µm.  In the literature  are 

reported ÄÉǟÅÒÅnt values of the refractive indexes obtained from experimental results, 

Uchida [14]  measured  the refractive indexes for the wavelength range up to 1 µm using 

the 3ÅÌÌÍÅÉÅÒȭÓ formula with  two oscillators.  In order to extend the refractive index 
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values to  the whole transmission range of TeO2,  new values have been searched in 

literature.  Berny et al.[15] published a later study on refracti ve index of TeO2  extending 

the measurement up to 4.5 µm, and proposing the following dispersion formula: 
 

 
ã 

n = A + 
B 

ɚ2 ɀ C 

 
Ϻ Dɚ2 (2.16) 

 
where the constant are reported in Tab.A.2 and in Tab.A.3  for the ordinary  and ex- 

traordinary  refractive index, and ɚ is expressed in micrometers . 

A  later study has been reported by Georgiev et al.  [16],  where a fit ting to improve 

the accuracy of the available data from 2 µm up to 4µm has been proposed using the 

following equation: ã 

n = 1 + 
A 

ɚ2 ɀ B2 

C 
Ϻ 
ɚ2 ɀ D2 

 

(2.17) 

 

where ɚ is expressed in micrometers and the constant values of the ordinary  and ex- 

traordinary  polarization are reported in Tab.A.2 and in Tab.A.3, respectively. 
 

 
 

Figure 2.6:  Change of refractive index with wavelength using the dispersion equations reported 
in literature for ordinary (top) and extraordinary (bottom) refractive indexes. 

 

 

The ÄÉǟÅÒÅnt dispersion formulas had been compared to highlight any discontinuity and 

discrepancy.  The dispersion equations for the refractive indexes show similar  trend but 

their  validi ty ranges are extended up to ÄÉǟÅÒÅnt wavelengths.  A  discontinuity in the 

vicini ty of 4.5µm using Eq.2.17 is visible, therefore particular  attention has to be paid 

when in the AOTF design process. The change of birefringence with  wavelength shown 

in Fig.2.7  highlight the limitation  of the Sellmeier equation from [REF1]  - [REF2]  - 

[REF3],  leading to a discrepancy  between the theoretical and experimental results on 

the tuning curve of AOTFs. 

The ÄÉǟÅÒÅnt dispersion formula have been intr oduced on the AOTF design routines 
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Figure  2.7:  Change  of birefringence with wavelength using the dispersion  equations reported 
in li terature. 
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Develop,  and the prediction have been compared to the experimental results obtained 

from commercial and prototype devices built  in G&H. 
 
 
 
 

2.5.1     Optical  Activi ty  in  TeO2 
 

 

Tellurium  Dioxide (TeO2)  is an optical active crystal characterized by strong optical 

rotatory  power.   The optical activity  along the optical axis has been investigated by 

Bagan  et  al.   [9]  and its  wavelength dependency [deg/m m]  is defined by  a  best-fit 

equation: 
 
 

ɟ(ɚ) = 

[ 
43.2 

ɚ2 ɀ 0.08099716 

17.7 
]
 

Ϻ 
ɚ2 ɀ 0.04293184 

 

(1.008 ɀ 0.0372ɚ)ī1 (2.18) 

 

 

with  ɚ expressed  in micrometer and valid in the wavelength range between 408 nm 

and 1.565 µm.  The value of the gyration tensor g33  could be estimated from Eq.2.18. 

The other components of the gyration tensor (g11 ) related to the propagation direction 

perpendicular to the optical axis could be inferred by the study published by Kaminsky 

et al.  [10], where  the rotatory  power for three ÄÉǟÅÒÅnt wavelengths is reported.  Due 

to the high birefringence  of the material the accuracy achieved is quite low for this 

component of the gyration tensor. 

In case of TeO2  experimental results obtained from AOTF testing show that in practice 

the ÅǟÅÃÔ of the optical activity become negligible when the propagation direction of 

the electro magnetic wave is above 10Ǔ  from the optical axis. 

In conclusion, the optical activity of Tellurium  Dioxide (TeO2 ) requires further  research 

activity,  although the high birefringence limits  the accuracy achievable of the optical 

activity  along the perpendicular  direction of the optical axis.   The  model described 

by Xu  and Stroud [6]  is not valid for propagation direction far from the optical axis, 

because the presence of the gyration tensor (g11 ) means that some sort of perturbation 

exists for perpendicular direction to  the  optical axis,  as described by  Nye  [8]  and 

confirmed by measurement done by Kaminsky [10]. 
 

 
 
 
 

2.6     Calomel single  crystal  
 

 
Mercurous Chloride, known also as Calomel single crystal, has an extended transmission 

range from 450 nm to 20 µm and it  has been selected has a candidate to develop AO 

devices for wavelengths >  4.5 µm,  under the  MINERVA Project,  which is an  EU 
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ph ph 

ph ph ph 

ph ph 

ph ph ph 

 
 

framework 7 project1.   The dispersion formulas of the refractive indexes are obtained 

from an internal document released by BBT, which is a crystal growth company part of 

the consortium of MINERVA  pecialized on growing Calomel crystals with  good optical 

quality. 

The values reported by BBT  allow to calculate the change of the refracti ve index values 

with  wavelength using a polynomial fitting  from experimental data: 
 
 

no  = 1.898 + 1.5 × 10ī2E2
 + 3.7 × 10ī4E4

 + (2.19) 
 

+7 × 10ī6E6
 

 

+ 4 × 10ī7E8
 

 

+ 5 × 10ī8E10
 

 

nE =  2.444 + 3.87 × 10ī2E2
 

 

+ 1.73 × 10ī3 E4
 

 

+ (2.20) 
 

+4.5 × 10ī5E6
 

 

+ 3.46 × 10ī6E8
 

 

+ 3 × 10ī7E10
 

 
 
with  the photon energy Eph   [eV] defined by: 

 

 
 

Eph = 
hc 

(2.21) 
ɚ 

 
where h is the PlancËȭÓ  constant,  c is the speed of light and ɚ is the wavelength in 

the vacuum.  The transmission range for Calomel is up to 20µm and the change of the 

refractive index is shown in Fig.2.8. 

 

 
 

Figure 2.8:  Refractive  index values vs.  wavelength for Calomel  Single crystal 
 
 

The accuracy of these equation has not been verified experimentally  due to the lack of 

suitable equipment in G&H, but from AO  experiments it  is shown a good agreement 

with  the values obtained from Eq.2.19- Eq.2.20. 
 

1 htt p://mi nerva-project.eu/  

http://minerva-project.eu/


19  
 

 

2.7     Conclusions 
 
 

The  refractive index values and related birefringence  of ÄÉǟÅÒÅnt AO  materials have 

been reported.   In case of crystal quartz the refractive index is well characterized in 

UV  and visible region and for AO  applications the wavelength interval of interest is 

between 200 nm and 450 nm.  The refractive indexes of tellurium  dioxide (TeO2)  has 

been measured for ɚ < 1µm by Uchida [14],  and ÄÉǟÅÒÅnt dispersion equations have 

been found in the literature  for 1 µm < ɚ < 4.5 µm.  The accuracy of the refractive 

index values is relevant on the performance predictions of AOTFs,  and it  will  ÁǟÅÃÔ 

the design routines. 

Tellurium  dioxide and crystal quartz are optically active, and the intr oduction of optical 

activity  inside AO  interaction physics is reported in the literature  [6]  but it  is only 

applicable to an optical beam propagating along the optical axis.   AOTFs  typically 

are designed with  an incident direction far from the optical axis, therefore a ÄÉǟÅÒÅnt 

model has been introduced,  which extends its  validi ty  to  any  direction in  the  AO 

plane.   Crystal  quartz is fully  characterized and the values of both gyration tensors 

are reported; in case of TeO2   only one value of the gyration tensor has been found in 

literature  and it  is proposed a possible values for the other gyration tensor (g33 ) by 

Kaminsky [10]. 
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Chapter  3 
 
 
 

 

Acoustic  waves in  anisotropic  material  
 

 
 
 
 

The fundamental equations to described  the acoustic waves properties  in anisotropic 

crystals are reported with  particular  attention to the phase velocity and acoustic walk- 

Ïǟ for all the pure acoustic modes, which could be excited by conventional ultrasonic 

transducer as described in appendix C. 

The  properties of acoustic waves depend on the  propagation direction and  on the 

selected mode, due to the anisotropic nature of the material under consideration.  The- 

oretical models to predict the properties of acoustic waves in anisotropic materials are 

intr oduced this chapter, where the phase velocities and related acoustic modes are ob- 

tained from the solution of #ÈÒÉÓÔÏǟÅÌ equation with  the help of the point restriction 

symmetry of the crystal. 
 

 
 
 

3.1     Anisotropic  crystals  symmetry  
 
 

The  symmetry of the AO  crystals is applied to study acoustic wave propagation in 

anisotropic materials [17]  with  the help of symmetry point diagrams, which allow to 

determine the position of reference axes inside the crystals. 

The point group restriction  is obtained from the symmetry point diagram and reducing 

the complexity of #ÈÒÉÓÔÏǟÅÌ ÅÑÕÁÔÉÏÎȭÓ solution.   The AO  materials examined listed 

belong either to tetragonal or trigonal crystal symmetry, thus no other crystal symme- 

tries are examined in this thesis. 

The point diagram symmetry for the trigonal class 32 is shown in Fig.3.1(a),  where 

there are three axes of two-fold symmetry (120Ǔ  apart) and one axis of three-fold sym- 

metry perpendicular to the former.  The axes in the plane perpendicular to the optical 

axis are separated by 30Ǔ  as shown in Fig.3.2, for example rotating clockwise the plane 
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Figure 3.1:  Point  diagram symmetry for crystal class 32 (left)  and 422(ri ght)  
 
 
of 30Ǔ  about the Z axis starting from the positive direction of the X axis the negative 

direction of Y is selected.  The low symmetry of the trigonal is ÁǟÅÃÔÉÎÇ the symmetry 

of the phase velocity in anisotropic material thus particular  attention is required when 

orienting the crystal,  because the positive directions of axes need to be identified  cor- 

rectly inside the crystals. 

 

 
 

Figure 3.2:  Axes  orientation and position in a perpendicular plane 
 
 
Crystal Quartz and single crystal Tellurium  belong to this crystal class. 

The tetragonal crystals 422 is shown in Fig.3.1, and the axes are perpendicular to each 

others due to the higher symmetry of the materials; from the acoustic point of view 

the direction of the axes are interchangeable, leading to a great simplification  in the 

crystal alignment process. TeO2  and Calomel single crystal belong to this crystal class. 
 

 
 
 

3.2     Acoustic  wave in  anisotropic  material  
 
 

The analytical solution of acoustic phase velocity has been investigated in order to cre- 

ate mathematical model which could be implemented easily inside computer routines 



23  
 
 

to be used in the design process of prototype and commercial devices. 

The first  step is to study the phase velocity of each acoustic mode in the three dimen- 

sional space and on the specific plane of interest for the AO  interaction by means of 

routines developed in Matlab and Python. 
 

 
 

 
 

Figure 3.3:  Reference  angles and displacement of ÄÉǟÅrent acoustic modes. 
 
 
 

In general, the phase velocity of elastic waves for an arbitrary  direction is estimated by 

solving the #ÈÒÉÓÔÏǟÅÌ equation [?]: 
 
 

[ɜij   Ϻ ɟV 
2ŭij  ] vj  = 0 

ɜij  = liK cK L lLj  

 

(3.1) 

 
 

where ɟ is the density of the materi al,  V  is the phase velocity,  and vj  = Öu/Öt, where 

u is the particle displacement vector, and [l iK ] is equal to 
 

 
 
lx  0 0 0 lz  ly    

[liK ] =   0 ly  0 lz  0 lx   
  

0 0 lz lx  ly  0 

(3.2) 

 
 

where 
 
 

lx = cos( )ʟsin(ɗ)   (3.3) 

ly  = sin( )ʟsin(ɗ)  (3.4) 

lz = cos(ɗ) (3.5) 
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K L  

 

 

 

 
 

where ɗ is evaluated from [001]  dir ecti on,  and  ᶫ  is evaluated from [100]  direction 

(Fig.3.3) 

[lLj ] = [liK ]T (3.6) 
 
and [cK L ] is the elastic ÓÔÉǟÎÅÓÓ matrix  defined in compact form described by: 

 
 
c11  c12  c13  c14  c15  c16   

 
c12  c22  c23  c24  c25  c26   

  

[c  ] = 
 
c13  c23  c33  c34  c35  c36    
c14  c24  c33  c44  c45  c46     

 
 
 
 
 

(3.7) 

 c15  c25 c35 c34 c55 c56    
c16  c26  c36  c46  c56  c66 

 
 

which is simplified by the point group restriction  dictated by the crystal symmetry. 

The phase velocity and its polarization are determined by the eigenvalues and eigen- 

vectors obtained from the solution of Eq.3.1.   Only  a maximum of three eigenvectors 

are obtained in anisotropic crystal identified  by the eigenvector direction.  The longitu- 

dinal mode (L) has the particle displacement along the propagation direction, and the 

slow-shear (SS) and fast-shear (FS)  modes have the particle displacement transversal 

to the propagation direction.(Fig.3.3). 

In general the phase velocities in solids is obtained by the eigenvalues of Eq.3.1 
 

ã 
ɚi

 

V = (3.8) 
ɟ 

 
 

where ɚ is the eigenvalue with  i = 1..3 and the related eigenvectors correspond to the 

polarization direction,  which define the acoustic modes.  The  solution of Eq.(3.1)  is 

found for a specific crystal class intr oducing point groups symmetry,  in particular  the 

trigonal (32,3m,̄3m)  is examined to study the acoustic wave propagation in Crystal 

Quartz.  The tetragonal class (4mm,  422,  ̄42m,4/m mm)  symmetry is applied to study 

the acoustic waves in Tellurium  dioxide and Calomel. 
 
 
 
 

3.2.1     Walk -Ïǟ of acoustic  velocity 
 
 
The acoustic energy in general anisotropic crystals propagates in a ÄÉǟÅÒÅnt direction 

to the phase velocity,  and it  is theoretically estimated by the Poynting theorem [17]. 

This ÅǟÅÃÔ is known as acoustic walk-Ïǟ and it  is defined as the normal to the tangent 

of the slowness surface for a given direction of the acoustic wave; the angle Ў between 



25  
 
 

the phase and the group velocity is defined by: 
 

 
 

ÔÁÎɉЎɊ  = 
1 

V (ɗ) 

ÖV (ɗ) 

Öɗ 

 

(3.9) 

 

 

with  reference to Fig.3.4.  The direction of the acoustic energy flow inside the crystal 
 

 

 
 

Figure 3.4:  Definition  of acoustic walk-Ïǟ 
 
 

is an important parameter needed to complete the practical design of the AO  device, 

in order to avoid uncontrolled  acoustic reflection inside the AO  devices ÁǟÅÃÔÉÎÇ the 

performance. 
 
 
 
 

3.3     The acoustic  attenuation  in  solids  
 
 

The #ÈÒÉÓÔÏǟÅÌ equation described in Eq.3.1 describes an ideal material without  internal 

energy losses. Materials of this type do not exist in nature, therefore additional term 

related to the elastic damping need to be introduced,  defined as acoustic attenuation. 

These additional terms depend on the propagation direction  in anisotropic crystal, and 

is expressed by the viscosity tensors (ɖabcd ) of the material symbolically described by 

[17]: 
 

Tab  = Cabcd Scd  + ɖabcd 

ÖScd  (3.10) 
Öt 

 

where c  is the elastic ÓÔÉǟÎÅÓÓ constant,  S  is the strain tensor and T  is the stress 

tensor. The system can be described by the model, where the acoustic power is related 

to an applied force to a mass attached to a spring and the acoustic attenuation is the 

damping. 

If a propagation of a plane wave is considered,  then the acoustic attenuation can be 
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approximated by: 
 

ɤ2 ɖij  (ɗa ) 
ã 

ɟ 
Ŭij  (f, ɗa ) =  

2cij  

 

(ɗa) 
 

cij  

 

(ɗa 
(3.11) 

) 
 

where ɤ = 2 f́, and the acoustic phase velocity is defined by Eq.3.8 with  ɚi = cij  (ɗa ), 

thus Eq.3.11 can be written  as: 
 

 

2ˊ2f 2 

Ŭ(f, ɗa ) = 
V (ɗ )3 

ɖ(ɗa ) (3.12) 
ɟ 

 

 

The  ÅǟÅÃÔÉve viscosity is estimated solving the #ÈÒÉÓÔÏǟÅÌ equation intr oducing the 

dumping components ɖij  in Eq.3.1.   The detailed calculation is reported in appendix 

E. Acoustic attenuation is important, for example when estimating the performance of 

an AOTF with  large aperture. 
 
 
 
 
 
 
 

3.4     Tellurium  Dioxide  (T eO2)  
 
 
 

Tellurium  Dioxide belongs to the tetragonal crystal class with  four axes of two-fold 

symmetry and one with  four-fold symmetry.   The elastic ÓÔÉǟÎÅÓÓ constant matrix  is 

simplified applying the restriction  due to the point group symmetry of the tetragonal 

crystal class:  
c11  c12  c13  0 0 0    

 
c12  c11  c13  0 0 0    

  

[c  ] = 
 
c13  c13  c33  0 0 0    

 

 
 
 
 

(3.13)   
0 0 0 c44  0 0      
0 0 0 0 c44  0      
0 0 0 0 0 c66 

 

In  the  literature  are reported several values for the  elastic ÓÔÉǟÎÅss tensor compo- 

nents,  furthermore  the values reported in [6]  are taken as a reference, thus c11  = 5.57 

×1010 N/m2, c12  = 5.12 ×1010 N/m2, c13  = 2.18×1010N/m2 , c33  = 10.58×1010 N/m2, 

c44  = 2.59×1010 N/m2, c66  = 6.59×1010 N/m2. 

The three dimensional slowness curve is obtained by solving Eq.(3.1) for 0 <  ʟ<  ́and 

0 < ɗ < .́ The slow shear mode is shown in Fig.(3.5).  The slowness curve representing 

the fast shear mode is shown in Fig.(3.6).  The longitudinal  mode is shown in Fig.(3.7). 

Tellurium  Dioxide is a piezoelectric material, therefore the acoustic velocity is ÁǟÅÃÔÅÄ 

by it, but the change in acoustic velocity is negligible and not considered- 
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Figure 3.5:  Three  dimensional slowness curve of the slow shear mode 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.6:  Three  dimensional slowness curve of the fast shear mode 
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Figure 3.7:  Three  dimensional slowness curve of the longitudinal mode 
 
 
 
 
 
 
 
 
Acoustic  phase velocity in  the [100] -[010]  plane  

 

 
 
 
 
 
 
 
 
 
 
 
 

Acoustic velocity in the [100] -[010]  plane is obtained by substituting Eq.3.3- Eq.3.5 in 

Eq.3.2 and in Eq.3.6.   The slow and fast shear modes are degenerate and cross each 

other at certain points of the space, therefore the solution of Eq.3.1 with  Matlab solver 

does not keep track of the correct acoustic mode, as shown in Fig.B.1, due to the issue 

related to the linear algebra solver described in details in appendix B;  consequently 

the solution of the #ÈÒÉÓÔÏǟÅÌȭÓ equation cannot be directly  intr oduced in the design 

routines. 

An  analytical expression of the phase velocity can be easily implemented in a design 

routines, for this reason Eq.(3.1) for a given direction  of acoustic wave in space (x,y,z) 

in T eO2  can be simplified as: 
 

 
 
A Ϻ ɟV 2  ů1  ů3 

  
vi   

 
ů1  B Ϻ ɟV 2 ů2     vj   = 0 (3.14) 

ů3  ů2  C Ϻ ɟV 2  vk 
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V 2 

 
 

where 
 
 
 
 

A = 

 
 
 
 

c44 + [c11cos2( )ʟ + c66 sin2 ( )ʟ Ϻ c44 ]sin2(ɗ) 

 
 
 
 

(3.15) 

 B = c44 + [c11sin2( )ʟ + c66cos2 ( )ʟ Ϻ c44 ]sin2(ɗ) (3.16) 

 C = c44sin2(ɗ) + c33 cos2(ɗ) (3.17) 

 ů1  = 1 [c12  + c66 ] sin2 (ɗ) sin(2 )ʟ 
2 

(3.18) 

 ů2  = 1 [c13 sin( )ʟ + c44 cos( )ʟ]  sin(2ɗ) 
2 

(3.19) 

 ů3  = c44 cos2 (ɗ) (3.20) 
 

 

where the constants A,  B, C, ů1, ů2 , ů3  have been obtained using the symbolic calculus 

toolbox available in Matlab, knowns as Mupad. 

Acoustic velocities and polarization directions are evaluated from the eigenvalues and 

the eigenvectors of the Eq.(B.1).   The acoustic velocity in [100]-[010]  is equal to: 
 

c11 + c66 ± 
ã

(c12  + c66)2 sin2 (2ɗ) + [c66  + c11 (1 Ϻ 2 cos2 ɗ)]2 

V[
2 

,L]  = 
2ɟ 

(3.21) 

 

 

where positive sign refers to the longitudinal  acoustic wave (L)  and the negative sign 

is the shear acoustic wave (S). The fast shear acoustic wave (FS)  is determined by the 

third  eigenvector: 
 

QS   = 
c44  (3.22) 
ɟ 

 

The acoustic velocity is shown in Fig.3.8  as a slowness curve, which is the inverse of 

the acoustic wave, in a polar plot. 
 
 
 
 

Walk -Ïǟ of the acoustic  wave in XY  plane  
 
 

The wallk-Ïǟ of the acoustic wave along in the XY plane is determined by f (ɗ) for 

the shear acoustic wave is equal to has been calculated using Mupad and deriving the 

analytical expression of Eq.3.9 for specific planes : 
 

 
 

f (ɗ) = 
4(c11 Ϻ c66 )

2 sin3(ɗ) cos3(ɗ) + (c12 + c66)
2 sin(4ɗ) 

4ɟV 2(ɗ)(c66 + c11 Ϻ 2ɟV 2(ɗ))  

 

(3.23) 
S S 

 
and for the longitudinal acoustic wave: 

 

 
 

f (ɗ) = 
4(c11 Ϻ c66 )

2 sin3(ɗ) cos3(ɗ) + (c12 + c66)
2 sin(4ɗ) 

4ɟV 2(ɗ)(2ɟV 2(ɗ) Ϻ c66 + c11) 

 

(3.24) 
L L 
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Figure 3.8:  Slowness curve of the three acoustic wave mode in T eO2  in [100]-[010] plane. 
 

 
 

The acoustic walk-Ïǟ is shown in (Fig.3.9) 
 

 
 

 
 

Figure 3.9:  Acoustics  walk-Ïǟ in XY plane for T eO2 

 
 
 

This solution has been compared with  the results reported in [18] 
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[c  
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cǋ 

cǋ 

V 2 

ǋ 

V[ 
11 

K L 

] =  

  

44 

2 

 
 

Acoustic  Velocity along t[110] -Z[001]  
 
 
 
 
 
 
 
 

The t[110] -Z[001] plane is the preferred plane for the slow shear AO  interaction [6]  and 

it  is selected rotating the references plane about the Z axis of /́4 from [100]  direction. 

The rotation  of the reference axis is obtained by using the coordinate transformation 

matrices Mz  (Eq.A.3)  applied to the elastic ÓÔÉǟÎÅÓÓ constant matrix  
 
 

ǋ ] = [Mz (ɗ)] [cK L ][Mz (ɗ)]
T (3.25) 

 
 

where ɗ is the angle of rotation  about the Z axis.  The new elastic ÓÔÉǟÎÅÓÓ constant 

matrix  for a rotation  equal to /́4 becomes: 
 

 
 
cǋ ǋ 

 

11  c12  c13  0 0 0 
 
cǋ ǋ 

 
 

12  c11  c13  0 0 0      

ǋ 
 
c13  c13  c33  0 0 0    

K L
 

 

(3.26)   
0 0 0 c44  0 0        0 0 0 0 c 0      
0 0 0 0 0 cǋ 

 
 

where 
 

cǋ 
c11 + c12 + 2c66

 

11  = 
 

12  = 

(3.27) 
2 

c11 + c12 Ϻ 2c66 (3.28) 
2 
c11 Ϻ c12

 

66  = (3.29) 
2 

 
Intr oducing (Eq.3.26) in (Eq.3.1), the velocity of acoustic wave for a given direction of 

ɗ, which is defined from [110]  direction, for the slow shear mode can be defined as: 
 

 

 c66 cos2(ɗ) + c44 sin2 (ɗ) 
S  =  (3.30) 

ɟ 
 

 

The fast shear (FS)  and longitudinal (L) modes are expressed by: 
 

 
 

L,QS]  = 
c44 + c33 + [cǋ Ϻ c33] cos2(ɗ) ± ů1 

2ɟ 

 

(3.31) 
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11 11 

c66   īc44 

 
 

where 
 

ã   

ů1  = [(c33 Ϻ 2c44 + cǋ )sin2(ɗ) + c44 Ϻ cǋ ]2 + (c13 + c44)2sin2 (2ɗ) (3.32) 
 
 

The slowness curve of the t-Z plane in T eO2  is shown in Fig.3.10.  The inverse of the 

 

 
 

Figure 3.10:  Slowness curve in tZ plane 
 
 
acoustic wave of slow shear mode described by Eq.3.30 is a geometrical ellipse in a 

polar representation,  where the slowest velocity is along the [110]  direction and equal 

and the fastest velocity is along the optical axis.  This plane is of primary  importance 

in the design of AOTF made of TeO2, because the AO  interaction is characterized by 

a high acousto-optic figure of merit  (M2)  due to the extremely slow shear velocity. 

 
 
 

Walk -Ïǟ in  t-Z  plane  
 

The acoustic walk-Ïǟ defined by Eq.3.9 applied to the acoustic mode in the t-Z plane 

could be solved by: 

tanɉЎɊ = f (ɗ) (3.33) 
 

where f (ɗ) is defined by the acoustic mode considered and the propagation direction 

defined by ɗ.  The analytical expression of f(ɗ) is obtained by using Mupad and simpli- 

fying the expression obtained.   The walk-Ïǟ of the shear acoustic wave is determined 

by: 
 

f (ɗ) = Ϻ ɟ  
sin(2ɗ) 

(3.34) 
2V (ɗ) 
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c 

11 

11 

11 

 
 

where V (ɗ) is the acoustic phase velocity defined in Eq.3.30.  The walk-Ïǟ angle of the 

FS  mode could be defined by: 
 

 
  C   ǋ

 
 

f (ɗ) = Ϻ 
ǋ  cos2 (ɗ)+c33 sin2 (ɗ)+c44 ī2ɟV 2 (ɗ)  

+ (c11 Ϻ c33 )sin(ɗ)cos(ɗ) 

2ɟV 2(ɗ) 

 

(3.35) 

A = c33 (c
ǋ
 Ϻ 3c44 + c33 ) + c44(2c44 Ϻ c

ǋ
 ) (3.36) 

B = c44 (2c44 Ϻ 3cǋ Ϻ c33 ) + cǋ ǋ
 

 

+ c33 ) (3.37) 

C = Acos(ɗ)sin3(ɗ)  Ϻ Bsin(ɗ)cos3 (ɗ) + (c13 + c44 )
2sin(2ɗ)cos(2ɗ) (3.38) 

 

 

where V (ɗ) is the acoustic velocity of the fast shear acoustic wave.  The walk-Ïǟ of the 

longitudinal  acoustic wave is estimated by: 
 

 
  C   ǋ

 
 

f (ɗ) = 
ǋ  cos2 (ɗ)+c33 sin2 (ɗ)+c44 ī2ɟV 2 (ɗ)  

+ (c11 Ϻ c33)sin(ɗ)cos(ɗ) 

2ɟV 2(ɗ) 

 

(3.39) 

 

 

where V (ɗ) is the acoustic velocity of the longitudinal acoustic wave where C  is given 

by (Eq.3.38) 
 

 
 
 

 
 

Figure 3.11:  Acoustic  walk-Ïǟ in tZ plane for T eO2 
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3.4.1  Acoustic  attenuation  in  TeO2 
 

 

The acoustic attenuation in TeO2   is defined by Eq.3.12, where the ÅǟÅÃÔÉve viscosity is 

defined by ã   
ɖ(ɗa ) = ǋ   sin2 ɗa + ɖ44 cos2 ɗa (3.40) 

 
where ɖǋ = 0.5(ɖ11 Ϻ ɖ12 ), for similari ty to the structure of the elastic ÓÔÉǟÎess constant. 

The values of the viscosity tensor of TeO2   are not reported in the li terature,  but the 

values of the acoustic attenuation for specific orientations and modes are reported in 

[19].   The attenuation for the slow shear acoustic mode along [110]  direction is equal 

to Ŭ = 19.8dB/cm  and along the [001]  direction is equal to Ŭ = 6.8dB/cm for a given 

frequency.   Intr oducing the acoustic attenuation values inside Eq.3.11 and solving for 

ɖij  (ɗa), the values of ɖǋ and ɖ44  could be derived and intr oduced in Eq.3.11. 
 

 

 
 

Figure  3.12:  Acoustic  Attenuation  [dB/mm]  for an arbit rary propagation (ɗa ) and RF  Fre- 
quency (MHz). 

 
 
 
 
 
 

3.5     Mercurous  Chloride  (Hg2Cl2)  
 
 

Calomel single crystal belongs to the same crystal class as TeO2   therefore the theory 

developed  in the previous section may be applied but with  ÄÉǟÅÒÅnt elastic constant 

values. In literature  the elastic ÓÔÉǟÎÅÓÓ constant values are c11  = 1.8925 ×1010 N/m2, 

c12  = 1.7192 ×1010 N/m2, c13  = 1.563 ×1010 N/m2, c33  = 8.037 ×1010 N/m2, c44  = 

0.8456 ×1010 N/m2, c66  = 1.225 ×1010 N/m2.[20]. 

The acousto-optic interaction plane considered is the t-Z plane, thus the slowness curve 

(Fig.3.13(a))  for the three acoustic mode is obtained substituting the values of the 

relevant elastic ÓÔÉǟÎÅÓÓ constant into Eq.3.30 - Eq.3.31. 
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Figure 3.13:  Slowness curves and Acoustic  walk-Ïǟ in tZ plane for Calomel  Single Crystal 
 
 
 

The minimum and maximum velocities of the slow shear acoustic waves are equal to 

Vt = 384 [m/s]  and Vz = 1084 [m/s ],  respectively.  Calomel is characterized by large 

acoustic walk-Ïǟ with  Ўmax = 54.23Ǔ  for ɗ = 15.52Ǔ  (Fig.3.13(b)). 
 
 
 
 
 
 
 

3.6     Crystal  Quartz 
 
 
 

Crystal Quartz belong to the trigonal class (32) and the phase velocity is estimated by 

solving Eq.3.1 applying the point group symmetry: 
 

 
c11  c12  c13  c14  0 0    

 
c12  c11  c13  Ϻc14 0 0    

  

[c  ] = 
 
c13  c13  c33  0 0 0     
c14  Ϻc14 0 c44  0 0      

 
 
 
 
 

(3.41) 

  0 0 0 0 c44  0      
0 0 0 0 0 cǋ 

 
 

where cǋ = (c11  Ϻ c12 )/2,  with  c66  =3.98751010   N/m 2 , c14  = -1.7911010 N/m 2,  c44 

= 5.7941010  N/m 2,  and ɟ = 2651  kg/m 3.   A  program has been developed in Matlab 

to study the acoustic wave properties  of crystal quartz in ÄÉǟÅÒÅnt planes where the 

acousto-optic interaction could take place. A detector of the degeneracy of the acoustic 

wave mode has been added to track the correct acoustic mode. 
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3.6.1     t-Z  plane  
 

 

The  slowest velocity is situated on a  plane rotated of /́4  about  the  optical axis, 

similar  to  the t-Z  plane in Tellurium Dioxide and selected applying the coordinate 

transformation matrices Eq.A.1  and Eq.A.3  to Eq.3.41.   The  slowness  curves of the 

three acoustic modes are estimated substituting the rotated elastic ÓÔÉǟÎÅÓÓ constant 

matrix  in to Eq.3.1. 
 

 
 

Figure  3.14:  Acoustic  velocity (a) and slowness curves (b) of acoustic waves in the tZ  plane 
for crystal Quartz. 

 

 

The degeneracy points of the acoustic wave were found by a dedicated Matlab routine 

and is marked by dashed red lines in Fig.3.14(a) and by red dots in Fig.3.14(b).  Similar 

results were obtained for the slowness curve of other two planes rotated by 15Ǔ  and 75Ǔ 

due to the symmetry of crystal quartz. 
 
 

The  tZ  plane seemed a good candidate due its low acoustic phase velocity but  the 

direction of the eigenvectors (Fig.3.15)  is not matched by a conventional ultrasonic 

tr ansducer, leading to an ÅǣÃÉÅnt coupling coÅǣÃÉÅnt between the ultrasonic transducer 

and the AO  cell. 
 
 
 

3.6.2     XZ  plane  
 

 

The plane XZ  has been investigated due to the symmetry to the reference axes and the 

degeneracy of the acoustic wave limited  only in two points (Fig.3.16).  The degeneracy 

of the slow and fast shear acoustic modes occur for ɗa  = 90Ǔ  and ɗa  = 270Ǔ . 

The  eigenvector directions (Fig.3.17)  are not  matched by  conventional ultrasonic 

tr ansducer.  The angle ʟ pol  and ɗpol  are estimated from the acoustic plane. 
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Figure  3.15:   Direction  of the eigenvectors of the slow shear mode in  TZ  plane for Quartz. 

pʟol  is the rotation angle out of the plane and ɗpol  is the rotation angle into the plane. 

 

 
 

Figure 3.16:  Slowness curve of acoustic wave in the XZ plane in crystal Quartz. 
 

 
A conventional ultrasonic transducer could ÅǣÃÉÅntly  excite a pure shear acoustic wave 

only for pʟol  = 0Ǔ  and ɗpol  = 90Ǔ. 
 

 
 
 

3.6.3     YZ plane  
 
 

The last plane investigated is the YZ  plane,  due to the symmetry of the material this 

plane could be selected rotating the reference axis of -30Ǔ  or 90Ǔ  about the Z axis.  The 

phase velocity and the slowness curve of the slow and fast shear modes are shown in 

Fig.3.18, calculated by a dedicated Matlab routine. 

The eigenvalues of the slow and fast shear cross in 4 points which are for ɗa  equal to: 

90.125Ǔ, 155.72Ǔ, 269.87Ǔ, 335.98Ǔ , and determined by the routine developed in Matlab. 
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Figure  3.17:   Direction  of the eigenvectors of the slow shear mode in  XZ plane for Quartz. 

pʟol  is the rotation angle out of the plane and ɗpol  is the rotation angle into the plane. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.18:  Slowness curve of acoustic wave in the XZ plane in crystal Quartz. 
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In order to track the correct acoustic mode a simple solution is to swap the eigenvectors 

in the range 90.125Ǔ  < ɗa < 155.72Ǔ  and 269.78Ǔ  < ɗa < 360Ǔ, but this procedure could 

lead to gross error  in the design procedure if not applied correctly. 

The eigenvector directions (Fig.3.19)  are oriented perpendicular to the acoustic plane 

for any propagation direction of the acoustic waves, where the direction pʟol   = 90Ǔ 

and ɗpol  = 0Ǔ , where the switch between acoustic modes are shown at the points of 

degeneracy. 
 

 

 
 

Figure  3.19:   Direction  of the eigenvectors of the slow shear mode in  TZ  plane for Quartz. 

pʟol  is the rotation angle out of the plane and ɗpol  is the rotation angle into the plane. 
 

 
In conclusion,  the YZ  plane in crystal quartz has the polarization of slow shear waves 

naturally  perpendicular to the plane, hence an acoustic wave can be excited ÅǣÃÉÅntly 

using conventional transducer. The direct solution of Eq.3.1 help to track the correct 

acoustic mode, but the estimation of the acoustic walk-Ïǟ is cumbersome and ÄÉǣÃÕÌÔ 

to intr oduce in the AOTF design routines. After further  investigation it  has been found 

that the slowness curve of the slow shear mode can be described by a geometrical ellipses 

in specific planes. 
 
 
 
 

3.6.4     Approximation  of the slow shear  acoustic  wave in  YZ plane. 
 
 

Here we use an approximation to simplify  the calculation of the relevant (slow shear) 

acoustic slowness (dispersion) surface based on the same analytically simple expression, 

i.e. conic sections, and slices through conic sections. It  was found experimentally that 

an ellipse has also proven to be an excellent approximation to the appropriate slice 

through the slowness curve for the slow shear mode, but this time it  needs to be til ted. 

We therefore find that the acoustic slow-shear  direction dependency  in the YZ  plane 
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of quartz is accurately described by: 
 
 

V (ɗa)
2 = V 2 cos2(ɗa + Ŭrot ) + V 2 sin2(ɗa + Ŭrot ) (3.42) y  z 

 
 

where Vy  = 3299.8  m/s, Vz  =  5100.5  m/s ,  and Ŭrot = -31.6184Ǔ.   The values of Vy , 

Vz  and Ŭ has been found using a specific Matlab  routine.  Fig.3.20(a)  shows the two 

eigenvalues of the slow and fast shear obtained by the Matlab solver and the superim- 

position from Eq.3.42.  The error  intr oduced  by the approximation is within  the range 

of ±0.0005 %. The acoustic walk-Ïǟ angle (angle between phase and group velocities) 

 

 
 

Figure  3.20:  Approximation  of the slowness curve of crystal quartz(a) and error introduced 
by the approximation (b). 

 

 

is defined by Eq.3.9  and the analytical expression  of the walk-Ïǟ for the slow shear 

mode is obtained substituting Eq.3.42 (Fig.3.21): 
 

 
( 

cos(Ŭ + ɗa) sin(Ŭ + ɗa )(V 2 Ϻ V 2) 
) 

Ў = arctan y z 
Ϻ 

V 2  2  2
 (3.43) 

x cos (Ŭ + ɗa ) + Vz  sin2(Ŭ + ɗa ) 
 
 
 
 
 
 
 

3.7     Conclusion  
 
 
In  conclusion this  chapter was focused on the  properties of  the  acoustic waves in 

anisotropic crystals.  The solution of the #ÈÒÉÓÔÏǟÅÌȭÓ equation has been investigated 

only for certain crystal class symmetr ies, which belong to the AO  crystal used to build 
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Figure 3.21:  Acoustic  walk-Ïǟ of the slow shear mode in crystal quartz. 
 
 

AO  devices exploiting the slow shear interaction such as AOTFs. The analytical solu- 

tion of the three acoustic mode has been found in specific planes of interest for ÄÉǟÅÒÅnt 

materials, allowing to implement them easily in Matlab codes to study the acoustic re- 

flection of the ÄÉǟÅÒÅnt modes. 

Tellurium  dioxide and Calomel belong to the tetragonal crystal and the properties of 

the main crystal planes have been investigated.    The  direction of the axes is inter- 

changeable thank to the high degree of symmetry in the crystal class. 

In case of trigonal crystal, the positive directions of the axes have to be identified  when 

orienting the crystals, because the identification  of the correct quadrant is relevant to 

select the proper direction of phase velocity and related acoustic walk-Ïǟ specified by 

the acousto-optic interaction geometry.  In chapter ??  is described a procedure devised 

by the author in order to identify  the correct quadrant by mean of piezoelectric test. 

This easy test allow to determine the quadrants position inside the material,  which is 

of major importance when building an AOTF 
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Chapter  4 
 

 
 
 
 
 

The physics of the acousto-optic 

interaction  in  anisotropic  cryst als. 

 
 
 
 

An  Acousto-Optic  (AO)  device is realized by bonding an ultrasonic transducer to a 

suitable AO  material.   The incident electromagnetic radiation is ÄÉǟÒÁÃÔÅÄ when spe- 

cific matching conditions are satisfied.  Acousto-Optic Tunable Filters exploit the slow 

shear AO  interaction,  where the acoustic propagation direction is determined  by the 

orientation of the transducer relative to the crystallographic axes; the acoustic phase 

velocity is propagating in a direction as described in the previous chapter and the en- 

ergy direction is estimated from the acoustic walk-ÏǟȢ 

The ÄÉǟÅÒÅnt geometries of the acousto-optic interaction are investigated in this chap- 

ter from a theoretical point of view, and the results are intr oduced in design routines 

for AOTFs. 
 
 
 
 
 
 
 

4.1 Acousto-Optics  interaction  under  the Bragg 

condition.  

 
 

%ǣÃÉÅnt acousto-optic interaction is obtained when the phase matching condition be- 

tween acoustic waves and incident electromagnetic radiation is satisfied and described 
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by: 
 
 

kd (ɚ, f, ɗa ) = Ka(ɗa , f ) + k i (ɚ, ɗ) (4.1) 

2 ńi,d (ɚ, ɗ) 
kd,i  = 

 
Ka = 

(4.2) 
ɚ 

2 V́ (ɗa) 
(4.3) 

f 
 

 

where nd,i (ɚ) are the refractive index of the incident and deflected beam, V(ɗa)  is the 

acoustic velocity, and f  is the RF  frequency applied to the ultrasonic transducer. 

In uniaxial crystals the refractive index depends on the polarization state and on di- 

rection of incident electromagnetic radiation, conventionally  the ordinary  and extraor- 

dinary refractive index are related to the vertical and horizontal polarizations, respec- 

ti vely,  where the refractive indexes surfaces are described by Eq.2.1 - Eq.2.2,  which is 

repeated again below: 
 

 

no (ɚ)nE (ɚ) 
ne (ɗ, ɚ) = ã

n  (ɚ)2 sin(ɗ)2 + n 
 

(ɚ)2 cos(ɗ)2 

 
 

where no (ɚ) and nE (ɚ) are the refractive indices along the direction perpendicular to 

the optical axis, and ɗ is polar angle from the optical axis. 

The  phase matching condition described by Eq.4.1  is graphically represented  in the 

K-space diagram (Fig.4.1), where ki is the incident light, kd is the first  ÄÉǟÒÁÃÔÅÄ order, 

and Ka   is the acoustic wave.    In  this treatment angles are defined using the polar 
 

 
 

Figure 4.1:  K-space  diagram of an AO interaction from O  to E  for given wavelength in case 
of Tel lurium  Dioxide  single crystal. 

 

 

definition  from the optical axis,  thus angle rotated clockwise  are considered  positive 

and counter-clockwise are negative. 

An AO  interaction from ordinary  to extraordinary  polarization is defined as ȱ%/ȱ and 
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viceversa ȱ/%ȱ defines the AO  interaction from extraordinary  to ordinary  polari zation. 

From Eq.4.1 it  is possible to define the tuning relati on,  which is the relation between 

RF  frequency applied to the transducer and the wavelength of the ÄÉǟÒÁÃÔÅÄ order for 

broadband incident light. 

The  general solution of the phase matching condition is defined by applying simple 

geometrical calculation in the space diagram: 
 
 

nd(ɚ)(tan ɗa cos ɗd Ϻ sin ɗd ) = ni (ɚ)(tan ɗa cos ɗi  Ϻ sin ɗi ) (4.4) 
 
 

where nd , ni , ɗi  and ɗd are defined by the specific AO  interacti on.  The relation between 

RF  frequency applied to the ultrasonic transducer and the wavelength of the ÄÉǟÒÁÃÔÅÄ 

order,  is known as the tuning relati on,  is defined by a simple vector subtraction and 

confirmed by Gass[21]: 
 

 

V (ɗa ) 
ã   

ɚ =  ni (ɚ)2 + nd (ɚ)2 Ϻ 2ni (ɚ)nd(ɚ) cos ɗsep  (4.5) 
 
 

where ɗsep   = ɗi   - ɗd  is the separation angle, with  the deflection angle (ɗd ) of the 1st 

ÄÉǟÒÁÃÔÅÄ order obtained from Eq.4.4 for a given wavelength when ɗi , and ɗa are defined. 

An infinite  number of configuration of the AO  interaction exists, but in practice some 

constraints are applied in order to optimize one of the parameters in real devices such 

as: resolution, field of view, RF  dri ve power versus ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ etc.  The main 

categories of AO  interaction are: 
 

 

Ɇ  the non-collinear  interacti on,  where the acoustic field is transverse to  the 

optical beam 

 
Ɇ  the collinear  inter acti on,  where the energy direction of the acoustic field is 

collinear with  the optical beams 
 

 

$ÉǟÅÒÅnt mathematical models have been develop and intr oduced in routines to help 

the prototyping process of new devices and the characterization of current devices, 

where two ÄÉǟÅÒÅnt programming  languages have been used: Matlab and Python. 
 
 
 

4.1.1     Non-colline ar  interaction  
 

 

The non-collinear interaction is obtained when the acoustic field intersects obliquely 

with  the incident electromagnetic radiation.  This configuration is typically used with 

an additional constraint known as the parallel tangent matching condition,  which is 
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n2 

    E  2 

n2 

n 

2 

i 

 
 

characterized by a large field-of-view and is typically used for non coherent sources. 

The paral lel tangent matching condition firstly  reported by Chang [22]  and defined as: 
 

 
 

tan ɗd = 

( 
nd 

)2
 

ni  

 
tan ɗi  (4.6) 

 

 

where the  tangents  to  refractive index  surfaces are parallel for  the  incoming and 

ÄÉǟÒÁÃÔÅÄ light, thus a constraint between ɗi  and ɗd is set. Intr oducing the condition of 

Eq.4.6 in to Eq.4.4 it  is possible to determine the input  direction for an arbitrary  prop- 

agation of the phase velocity of the acoustic wave. The phase matching condition was 

derived by author for a given ɗa , and the input  angle of the electromagnetic radiation: 

 
( 

nE 

)
 

no
 

 

tan ɗi  Ϻ sin ɗi 
ã

1 + n
2  

tan  ɗ 
o

 

tan ɗa = ã 

1 Ϻ cos ɗi  1 + 

 
2 
E tan2 ɗi  
o 

(4.7) 

 

 

from the solution of the above equation is possible to determine ɗi  and consequently  ɗd 

using Eq.4.6,  which once intr oduced in Eq.4.5 allows to determine the tuning relation 

of the AO  interaction for a given wavelength. In practice ɗi  obtained from Eq.4.7 varies 

with  the wavelength due to the dispersive  nature of the refractive index, theoretical 

investigation shows the change on ɗi  is limited and accentuated in the visible region as 

expected.  The phase matching condition problem has been solved defining the acoustic 

direction to determine the required variation of ɗi  to always achieve phase matching. 

The phase matching condition could also be solved by defining ɗi  and solving Eq.8.1 

using condition of Eq.4.6,  from this solution is possible to determine the range of ɗa 

where the parallel tangent matching condition is satisfied for a given wavelength. 
 
 
 

 
4.1.2  Quasi-colline ar  AO  interaction  

 
 
The Quasi-Collinear (QC)  AO  interaction is obtained when the energy direction of the 

acoustic field is parallel to the propagation of the electromagnetic field [23][24].   Two 

ÄÉǟÅÒÅnt approaches can be used when studying this configuration,  the first  approach 

is to define the incident direction of the electromagnetic wave and the acoustic wave 

direction is determined using a mathematical routine or by graphical solution.   The 

other approach is to define the acoustic directi on, then the propagation of the incident 

electromagnetic radiation is defined by [6]: 
 
 

ɗi  = Ў(ɗa) + ɗa (4.8) 
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where Ў is given by  Eq.3.9  depending on ɗa .  The  tuning relation is estimated by 

Eq.4.5, once the deflection angle of the first  ÄÉǟÒÁÃÔÅÄ order is derived by the solution 

of Eq.4.4. 

This type of AO  interaction is conventionally  used to achieve long interaction length 

when a narrow bandwidth filter  with  low RF  power is required.   This  configuration 

particularly  allows a long interaction length in an AOTF made of TeO2, because the 

crystal naturally grows along the [110]  direction  allowing  long crystal along the desired 

direction. 
 
 
 
 
 

4.1.3     %ǣÃÉÅÎÃÙ of AO  interactions  
 
 

The ÅǣÃÉÅÎÃÙ of the AO  interaction is proportional  to the RF  power applied to the 

ultrasonic transducer, when the phase matching condition is satisfied, and theoretically 

it  can be estimated by [6]: 
 

 

 
ɖ = sin2 

[ 
 ́
ã 

M2 La  

]
 

Pa
 

 
(4.9) 

ɚ0  2H 
 
 

where H is the height of the acoustic field, defined by the electrode size on the ultrasonic 

transducer, La   is the interaction length,  P a  is the RF  power,  ɚ0  is the wavelength of 

the ÄÉǟÒÁÃÔÅÄ order and M 2  is the acousto-optic figure of merit.   The RF  power for 

Peak $ÉǟÒÁÃÔÉÏÎ %ǣÃÉÅÎÃÙ (PDE)  for a given wavelength is estimated theoretically by 

solving Eq.4.9 for ɖ = 1: 
H ɚ2 

PP DE = 
2L M 

 

(4.10) 

The RF  power for PDE  depends on ɚ2, and it  is inversely proportional  to the acousto- 

optic figure of merit  
n3    3   2

 
 

M2  = 
i nd pef f 

ɟV (ɗ)3 
(4.11)

 
 

where p ef f is the ÅǟÅÃÔÉve photoelastic constant,  V (ɗ) is the phase velocity of the 

acoustic wave, ɟ is the density and n i,d   are the refractive indices of the incident and 

ÄÉǟÒÁÃÔÅÄ orders. In order to optimize the RF  power vs.  $ÉǟÒÁÃÔÉÏÎ %ǣÃÉÅÎÃÙ (DE) 

for a given wavelength,  one should maximize M 2  maximizing,  i.  e.  the ratio  p2
 /V 3 . 

The ÅǟÅÃÔÉve photoelastic constant is obtained from tensorial equation,  therefore it  is 

related to the geometry of the AO  interaction.   A  general expression of the pef f was 

determined in order to maximize the M 2. 
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4.1.4  Determination  of the ÅǟÅÃÔÉÖÅ phot oelastic  constant  
 
 
 
 
 
 
 
 
 
 
 

The ÅǟÅÃÔÉve photoelastic constant is defined as [6]:  
 

pef f = 
[
eǴ(m,mī1)

] 
[PI J ] [SI J ] (4.12) 

 
 

where Pij  is the photoelastic tensor, which is material dependent,  Sij  is the strain 

tensor related to the acoustic wave and 
 
 

eǴ(m,mī1)
 

(mī1)
 

(m)
 

I = eǴi eǴiI  (4.13) 
 
 

is the polarization direction of the incident electromagnetic wave defined as: 
 

 
 
e
(mī1)

 
(mī1)

 (mī1)  
 

1  0 0 0 e3  e2 

eǴ(mī1)  
(mī1)

 
(mī1)

 
(mī1)  

 
iI  =  0 e2  0 e3  0 e1  (4.14) 

0 0 e
(mī1) (mī1) (mī1) 

3  e2  e1  0 
 

 

which has similar  structure to liK   (Eq.3.2),  where m  is the number of the ÄÉǟÒÁÃÔÅÄ 

order.  The generic polarization vector is defined as: 
 
 

eǴi  = [cos(ɗ) cos( )ʟ, cos(ɗ) sin( )ʟ, sin(ɗ)]  (4.15) 
 
 
with  Fig.4.2 as a reference, where the angle are measured from the X direction, in this 

case the polar angle convention is not used.  The acoustic and optical field are treated 

separately when solving Eq.4.12.[6] 

The photoelastic tensor depends on the crystal class and its structure is identical to 

the elastic ÓÔÉǟÎÅÓÓ tensors, with  the following condition applied to the photoelastic 

constant[6]: 

pij  ֗= pj i  

 
where the compact notation is intr oduced thanks to the crystal symmetry,  which is 

generally applied to all the AO  materials examined in this thesis. The ÅǟÅÃÔÉve photoe- 

lastic constant is derived for the trigonal class due the low symmetry and the solution 

obtained is applied to other classes with  higher symmetry, such as tetragonal and cubic. 
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Figure 4.2:  Rotation  angle for reference axis. 
 
 

4.1.5  %ǟÅÃÔÉÖÅ phot oelastic  constant  in  trigonal  crystal:  
 

32,3m, 3̄m 
 

 

The general expression of the ÅǟÅÃÔÉve photoelastic constant is derived for the birefrin - 

gent slow shear interaction in trigonal crystals, where the AO  interaction takes place in 

the Y-Z  plane and the polarization of the acoustic wave is perpendicular to the former. 

The photoelastic constant matrix  [6]  in the main reference axis X[100]-Y[010]-Z[001] is 
 

 
 

 

 
 
 
 

I J  
 

p11  p12  p13  p14  0 0    

p12  p11  p13  Ϻp14  0 0    

p31  p31  p33  0 0 0    
  

 
 
 
 
 

(4.16) 

 Ϻp41  p41  0 p44  0 0       0 0 0 0 p44  0      
0 0 0 0 0 p66 

 
 

where p66  = 0.5(p11 Ϻ p12). 

In order to estimate pef f two ÄÉǟÅÒÅnt approaches may be used,  one is to rotate the 

strain tensor (SJ ) and the optical polarization vectors (eǴ(m,mī1))  in the reference axis 

of the photoelastic matrix  [6];  this approach requires several rotation  of the reference 
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0 

 

ij  

eǴ(0)
 

eǴ(1)
 

 
 

axis and it  is useful to determine p ef f for specific case. Ultimately the results obtained 

cannot easily be extended to a generic geometry of the AO  interaction in a specific plane 

and the implementation of such solutions in design routines is of ÄÉǣÃÕÌÔ optimization. 

An  alternative method to determine p ef f is to align PI J  to the acoustic direction by 

means of the coordinate transformation  matrices Eq.A.1  for this specific case. 

The photoelastic constant matrix  [PI J ] has to be aligned to the direction of the phase 

velocity obtained by applying the coordinate transformation matrix  Mx( )ʟ, therefore 

the new photoelastic constant matrix  is estimated by 
 
 

[P ǋ (ɣ)]  = [Mx(ɣ)] [Pij  ][Mx(ɣ)]T (4.17) 
 
 
where Mx is defined by A.1 and 

 
 

ɣ = ́ /2 Ϻ ɗa (4.18) 
 
 

with  ɗa  measured from the optical axis.   The strain components (Sij  ) of a slow shear 

wave propagating along the Y direction and x-polarized is defined by: 
 

 
S1  

 
S2 

 

 
0  

 
0 

     
    
 S3   0  

SJ = 
    
 
S4

  =  
0 

 (4.19) 
    
    
 S5   0      

S6 1 
 
 

with  the abbreviated subscript notation [17].   If the birefringent AO  interaction from 

ordinary  to  extraordinary  polarization is considered,  then the  input  polarization is 

perpendicular to the plane of the AO  interaction is defined by: 
 
 

i = [1, 0, 0] (4.20) 
 
 

from the definition  given in Eq.4.15, and is independent to the propagation direction. 

Consequently  the output  polarization lays on the plane of the AO   interaction and 

depends on the propagation of the first  order (Fig.4.3) defined by the deflection angle 

of the first  order (ɗd), thus the polarization vector of the first  order is defined by: 
 
 

iI   = [0, sin ɗd , cos ɗd ] (4.21) 



51  

I 

eǴ(1,0)
 

eǴ(0)
 

 
 

 
 

Figure 4.3:  Optical  polarization of 0th  and 1th
 

 

 
 
 
 
 
 
 
 
 
 
 
 

The  expression of eǴ(m,mī1) 
required in Eq.4.12 is obtained intr oducing Eq.4.21 and 

Eq.4.14 in to Eq.4.13: 
 
 

I  = [0, 0, 0, 0, cos ɗd, sin ɗd]  (4.22) 
 

in case of Bragg ÄÉǟÒÁÃÔÉÏÎ (m = 1). 

The  analytical  expression of pef f for an arbitrary  direction of the acoustic wave is 

obtained intr oducing Eq.4.17 and Eq.4.22 in to Eq.4.12 and is defined by: 
 
 

pef f = cos ɗd 

[ 

p66 cos2 ɣ + p44 sin2 ɣ + sin 2ɣ 
p14 Ϻ p41 

] 

+ 
2 

 

 
 

(4.23)  

+ sin ɗd 

[ 

p41 cos2 ɣ Ϻ p14 sin2 ɣ Ϻ sin 2ɣ 
p44 Ϻ p66 

]
 

2 
 

 

where the values of the photoelastic constants are material dependent, and ɗa  and ɗd 

are defined by the AO  interaction. 

The  expression  in Eq.4.23 is valid only for the AO  interaction from ordinary  to ex- 

traordinary,  but the results obtained could be extended for the AO  interaction from 

extraordinary  to ordinary.  In this case the input  polarization depends on the incident 

propagation ɗi , then Eq.4.20 becomes 
 
 

i = [0, sin(ɗi ), cos(ɗi )]  (4.24) 
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0 0 0 0 

0 0 0 1 

 

eǴ(1,0)
 

 

I J  

 

 

 

 

 

 

 
 

and Eq.4.14 simplifies to: 
 

 
 
1 0  

eǴ(0)   
iI   =  0 

0 

1  (4.25) 

0 
 
 

intr oducing the above equation in to Eq.4.25, which becomes: 
 
 

I  = [0, 0, 0, 0, sin(ɗi ), cos(ɗi )]  (4.26) 
 

 

comparing the above equation to Eq.4.22 consequently  the values of the ÅǟÅÃÔÉve pho- 

toelastic constant is obtained substituting ɗd  to ɗi  

 
 

pef f = cos ɗi  

[ 

p66 cos2 ɣ + p44 sin2 ɣ + sin 2ɣ 
p14 Ϻ p41 

] 

+ 
2 

 

 
 

(4.27)  

+ sin ɗi 

[ 

p41 cos2 ɣ Ϻ p14 sin2 ɣ Ϻ sin 2ɣ 
p44 Ϻ p66 

]
 

2 
 

 

The  general solutions of Eq.4.23 and Eq.4.27 have been implemented in the AOTF 

design routine. 
 
 
 
 

4.1.6  %ǟÅÃÔÉÖÅ phot oelastic  constant  in  tetragonal  crystal:  
 

4mm ,422,42m,4/m mm  
 
 

Tetragonal crystals have the following photoelastic constant matrix 
 

 
p11  p12  p13  0 0 0    

 
p12  p11  p13  0 0 0    

  

(P  ) = 
 
p31  p31  p33  0 0 0    

 
 
 
 
 

(4.28)    
0 0 0 p44  0 0       
0 0 0 0 p44  0      
0 0 0 0 0 p66 

 
 

for the reference  axis X[001]  - Y [010]  - Z[001].   The tetragonal crystals used in AO 

applications are tellurium  dioxide and calomel single crystals, where the plane of the AO 

interaction is the t[110] -Z[001]  plane.  Then the photoelastic constant matrix  requires 

a rotation  of ɗ = /́2  about the optical axis to align the reference  axis to the AO 

interaction plane using Mz (ɗ) ( Eq.A.3), and a rotation  equal to ʟ  about tǴ [11̄0] direction 
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66 

66 

pǋ 

 
 

to align along the acoustic wave propagation using My ( )ʟ ( Eq.A.1. 

The photoelastic constant matrix  in the new reference frame is determined by: 

[P ǋ ] = [My ][Mz ][Pij  ][Mz ]
T [My ]

T .  (4.29) 

The ÅǟÅÃÔÉve photoelastic constant is estimated by intr oducing Eq.4.29 in Eq.4.12 using 

Eq.4.22 in case of an AO  interaction OE+
 

 
 

pef f = p44 cos ɗa sin ɗd Ϻ p
ǋ
 sin ɗa cos ɗd (4.30) 

 
 

For the case of the AO  interaction EO+, the ÅǟÅÃÔÉve photoelastic constant is obtained 

from the substitution  of ɗd  with  ɗi  in Eq.4.30 
 
 

pef f = p44 cos ɗa sin ɗi  Ϻ p
ǋ
 sin ɗa cos ɗi  (4.31) 

 
 

where ɗa,ɗi , and ɗd  are obtained from the AO  interaction configuration and 
 
 

66  = 
p11 Ϻ p12  (4.32) 

2 
 

The general expressions of pef f , defined in Eq.4.23 - Eq.4.27 for trigonal crystals and in 

Eq.4.30 - Eq.4.31 for tetragonal crystals, are used to estimate the acousto-optic figure 

of merit  (M2) for a given AO  interaction. 
 

 
 
 

4.2     Conclusion 
 
 

The geometry and the ÅǣÃÉÅÎÃÙ of the acousto-optic interaction has been intr oduced 

in this chapter and the results have been specialized for two ÄÉǟÅÒÅnt class of symme- 

try  trigonal and tetragonal.  The geometry is defined by the phase matching condition 

between the acoustic field and the incident electromagnetic radiation and the AO  in- 

teraction could be separated in two groups, quasi-collinear and non-collinear, identified 

by the relation between acoustic and optical waves direction. 

The analytical expression of the ÅǟÅÃÔÉve photoelastic constant was derived for the trig - 

onal crystal class only because this solution can be applied to tetragonal crystal setting 

p14  = p41  = 0. 

AOTFs  are designed under the parallel tangent matching condition [25]  investigated 

for non-collinear configuration, where the acceptance angle is maximize. The collinear 

interaction instead is obtained when the acoustic walk-Ïǟ and incident electromag- 
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netic radiation propagate along the same direction, therefore the achievable interaction 

length is maximize giving a narrow passband and low RF  power requirement to achieve 

peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉency. 

The results obtained in this chapter are intr oduced in design routines realized in Matlab 

and Python for crystalline materials described in Ch.2. 
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Chapter  5 
 

 
 
 
 

AOTF in  the wavelength range:  380 

nm - 4.5 µm 

 
 
 

 

5.1     Intr oduction  
 

 
Acousto-Optic  Tunable Filters in the wavelength range between 380 nm and 4.5 µm 

are conventionally  realized using Tellurium  Dioxide (TeO2 ), which has a high M2  and 

is available in  crystals of large dimension with  good quality.    The  configuration of 

the AO  interaction is dictated by specific application,  defined by:  wavelength range, 

acceptance angle as described in the previous chapter. Two ÄÉǟÅÒÅnt configurations are 

typically used: the quasi-collinear interaction is used to achieve narrow pass-band and 

to reduce the RF  power versus ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ maximizing the interaction length 

at the expense of the field of view; this configuration is used for example in case of line 

selection applications and single point detector systems. 

The  non-collinear interaction under the  parallel matching condition maximises the 

field of view at the expense of the interaction length,  which determines the relation 

between RF  power and ÄÉǟÒÁÃÔÉÏÎ Åǣciency.  The RF  power to achieve peak ÄÉǟÒÁÃÔÉÏÎ 

ÅǣÃÉÅÎÃÙ depends on the square of the filtered  wavelength in the first  approximation, 

thus a high level of RF  power is required for wavelengths above 2 µm.  Under high RF 

power operation,  AO  devices are ÁǟÅÃÔÅÄ by elevated thermal gradients altering the 

operational condition such as tuning curve shift, and changes on the passband. 

In order to reduce the RF  power for peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ a solution is proposed in 

this chapter by means of a resonant acoustic cavity.  The performance of conventional 

AOTFs are compared to the resonant AOTF both theoretically and experimentally. 
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5.2     Large aperture  AOTF 
 
 
Large aperture AOTFs are typically used as tunable filters  for imaging systems or when 

a large etendue is required due to the spectral properties of the source or the target. 

A large field of view is achieved when the parallel tangent matching condition (Eq.4.6) 

is applied as described in Sec.4.1.1. 

High quality crystals with  linear dimensions  larger than 30 mm are ÄÉǣÃÕÌÔ to grow 

and processing significantly  increases the cost of the final device. Therefore the design 

process is a trade-Ïǟ between specification and cost, with  the following limiting factors: 
 

 

Ɇ  the RF  frequency range of the tuning relation is defined by the wavelength range 

and the incident angle 

 
Ɇ  the RF  power for peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ is set by the ratio  of the electrode 

size and filtered  wavelength 

 
Ɇ  the bandpass required by the application, is a function of the interaction length, 

and ɗi  

 

Ɇ  the angular separation between the 0th   and 1st   order is related to the RF  fre- 

quency, wavelength and crystal orientation 

 
Ɇ  the homogeneity of the acoustic power across the aperture is limited  by the at- 

tenuation of the acoustic wave 

 
Ɇ  the AO  crystal dimension should be as small as possible to achieve competiti ve 

costs and simplify the manufacturing process. 
 

 

A series of design routines developed in Matlab and Python have been created to pre- 

dict and optimize the AOTF design. 

The general solution of the AO  interaction under the parallel tangent matching condi- 

tion is investigated in the next section. 
 
 
 
 

5.3     Trade-Ïǟ  between the ÄÉǟÅÒÅÎÔ specification  of an 
 

 

AOTF 
 
 
The trade-ÏǟÓ between the performance are dictated by the applications.  If the parallel 

tangent matching condition is applied to the AO  interaction configuration,  then it  is 
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possible to estimate the acoustic direction,  the interaction length,  the acoustic atten- 

uation and the acousto-optic figure of merit  for any incident direction ɗi   for a given 

wavelength.  The relation between ɗa and ɗi  applying Eq.4.6 is shown in Fig.5.1 for 450 

nm < ɚ < and 4.5 µm examining both the AO  interaction type, EO+ and OE+. 
 

 
 

Figure  5.1:   Angle  relation between ɗi  and ɗa  under paral lel tangent matching condition  for 
two wavelength with ÄÉǟÅrent incident polarization(left)  Ўɗa  between the two ÄÉǟÅrent type of 
AO interactions(ri ght). 

 
 

The acoustic direction has to change with  ɗi  in order to satisfying the phase matching 

condition (Fig.5.1).  The phase matching condition ÅǟÅÃÔÓ the AO  configuration under 

parallel tangent matching condition; in general it  is not possible to satisfy the parallel 

tangent matching condition for both polarizations, unless for a given specific direction 

of ɗi , where the curves cross. 
 

 
 

Figure 5.2:  Acoustic  attenuation for ɚ = 450 nm (left)  and ɚ = 4.5 µm (r ight). 
 
 

Once the geometry of the AO  interaction is defined, then the variation of the acousto- 

optic figure of merit  (M2)  is estimated by Eq.4.30 and Eq.4.31 for both type of AO 
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interaction respectively and shown in Fig.5.3;  the RF  frequency required to achieve 

phase matching conditions for an arbitrary  direction of ɗi  is shown Fig.5.3. 

In addition the acoustic attenuation depends on ɗi  and on the f2 , therefore one should 

select a low ɗi .  This dependency  is shown in Fig.5.2  for an arbitrary  direction of ɗi , 

which is related to ɗa. 

The RF  power for peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ and the passband is defined by the inter- 

action length (La),  which depends on ɗi  and the acoustic walk-Ïǟ as shown in Fig.5.4. 

The trade-Ïǟ between the ÄÉǟÅÒÅnt specification is obtained from the solution of the 

AO  configuration for an arbitrary  ɗi , from the theoretical point of view the phase- 

matching condition is satisfied for any ɗi  as shown Fig.5.1.  From the practical point of 

view only a limited  interval can be used to design real devices, because M2  decreases 

with  increasing ɗi  (Fig.5.3)  and the interaction length decrease with  ɗi  increasing the 

RF  power for Peak $ÉǟÒÁÃÔÉÏÎ %ǣÃÉÅÎÃÙ (PDE). The RF  frequency increase with  ɗi 

(Fig.5.1)  and consequently  the acoustic attenuation (Fig.5.2),  therefore the intensity 

of the acoustic field will  be strongly dependant on the propagation distance from the 

tr ansducer. 
 

 
 

Figure  5.3:  Variation of M2   with thetai  (left)  and frequency range (right)  to achieve phase 

matching condition  for both type of AO interaction for the wavelength range of transparency 
of TeO2 under paral lel tangent matching conditi on. 

 
 

An arbitrary  limit  to the RF  power of 5 W in TeO2  is assumed in order to avoid strong 

temperature gradients inside the AO  cell.  At  such a level of RF  power the heat gener- 

ated by the acoustic attenuation will  ÁǟÅÃÔ the accuracy of performance predictions due 

to the temperature dependency  of the acoustic velocity and of the refractive indices. 

In addition the lifetime of the device is ÁǟÅÃÔÅÄ by repeated temperature  cycling, and 

in extreme cases could lead to cracking in the AO  medium due to the ÄÉǟÅÒÅÎÃÅ of the 

coÅǣÃÉÅnts of the thermal expansion; this limit  is easily reached at long wavelength (ɚ 

> 2 µm), due to the inherent elevated dri ve power. 

A  limitation  on the RF  frequency has to be applied due to the acoustic attenuation 
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and broadband matching conditi on,  thus a maximum and a minimum RF  frequency 

have been set to between 15 MHz and 150 MHz. 

The low RF  frequency limits  the tuning range achievable with  a standard matching 

network.   In the case of high frequency (f> 150 MHz),  an octave is broad enough to 

easily allow broad band matching, but the bonding process requires tight tolerance on 

layer deposition. 

The higher frequencies are typically related to the shorter wavelengths,  where the RF 

power for peak ÄÉǟÒÁÃÔÉÏÎ is inherently  low, but the acoustic attenuation will  dominate 

the performance of the AOTF. In the case of an RF  signal above about 120 MHz the 

complexity of the matching network will  increase significantly  due to the uncertainty 

at  the manufacturing level (such as the bond thickness, and also wire -bonds  etc...) 

limiting  the tuning range.  The lower limit  is mainly due to limitation  on the tuning 

range due to the absolute range corresponding to 1 octave. 
 

 
 

Figure 5.4:  Interaction  length variation with ɗi  for an electrode of 1 mm (left)  ÄÉǟÅrence on 
interaction length between 450 nm and 4.5 µm  (right). 

 

 

In  conclusion,  large aperture AOTFs  could be subdivided in  two main wavelength 

ranges: one between  380nm < ɚ < 1 µm and the second one is between 1 µm < ɚ <  

4.5 µm, where ÄÉǟÅÒÅnt trade-ÏǟÓ are applied during the design process, and described 

in detail in the next sections. 
 
 
 

5.3.1     Wavelength  range from  UV  up NIR  (< 1µm)  
 

 

The wavelength range from 450 nm up to 1000 nm is of particular  interest on ÄÉǟÅÒÅnt 

application such as remote sensing [26],  cytologist[27],  and other applications where a 

fast tunable filter  is required with  narrow bandwidth [28].   The field of view is maxi- 

mized when the parallel tangent matching condition is applied to the AO  interaction 
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configuration, which intr oduces constraints on the choice of ɗi . 

The arbitrary  limit ations on the maximum RF  frequency and RF  power intr oduced  in 

the previous section,  set an interval of ɗi , where the trade-Ïǟ between passband,  tun- 

ing range and RF  power consumption meet the required specification defined by the 

application.  In order to optimize the AOTF performance the relation between ɗi  and 

ɗd  is given by Eq.4.6 and defines the AO  interaction geometry for a given wavelength. 

If the input  direction is considered between 0 and /́2,  then the acoustic direction to 

achieve phase matching is given by Eq.4.4 and shown in Fig.5.1.   The RF  frequency 
 

 
 

Figure 5.5:  RF  Frequency for an arbit rary input direction under the paral lel tangent matching 
condition  for ÄÉǟÅrent wavelengths. 

 

 

dependency to ɗi  and ɚ is defined by Eq.4.5,  which shows inherently  high frequencies 

in the wavelength range up to 850 nm.  If the RF  frequency limit  is applied then only 

a small interval of ɗi  between 10.0 Ǔ and 20.0 Ǔ could be selected; for ɗi  < 10 Ǔ the RF 

frequency is significantly  reduced at the expenses of the wavelength range covered due 

to the low centre frequency and the ÅǟÅÃÔÓ of optical activity need to introduced. 

Close to the optical axis the polarization state of the incident light should be elliptical 

in order to achieve peak ÄÉǟÒaction ÅǣÃiency, and the elliptici ty of the polarization de- 

pends on the wavelengths selected by the RF  frequency and on the optical path inside 

the AO  crystal due to the dispersive nature of the optical activity. 
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The elevated RF  frequency ÁǟÅÃÔÓ the acoustic power across the aperture. The ÄÉǟÒÁÃ- 

tion ÅǣÃÉÅÎÃÙ across the aperture is reduced in large aperture AOTF, because the 

acoustic attenuation in TeO2   increases with  f2, giving a variation in the DE  across the 

aperture. Non-Collinear AOTFs are available from a number of manufacturers for the 

wavelength range covering 450 nm and 2 µm. 
 
 

 
5.3.2     Wavelength  range from  1µm to 4.5 µm 

 

 

The RF  power needed to achieve peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ is theoretically evaluated 

by Eq.(8.11), which increases with  ɚ2 and reduced by maximizing the ratio  La /H . The 

dimension of the optical face is determined by the field of view required and by the 

available dimension of the crystal,  therefore  a trade-Ïǟ is required between the field 

of view and the interaction length achievable.  The  wavelength region between 1µm 

and 4.5µm is of particular i nterest for many applications and the availabili ty of super- 

continuum sources covering this range is pushing the ÅǟÏÒÔ ÔÏ extend the wavelength 

range to the very limit  of the transparency range of Tellurium  Dioxide. NKT Photonics 

for example is developing a source covering the wavelength range above 2 µm within 

the MINERVA Project (FP-7), consequently  AOTFs are the typically used due to the 

fast random access capability and narrow bandwidth.   The wavelength range is char- 

acterized by elevated RF  power for peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ in case of non-collinear 

interaction.  Two possible solutions to reduce the RF  power requirement  are: increase 

the interaction using a quasi-collinear configuration at the expense of the field of view; 

or to configure the AO  cell as an acoustic resonant cavity increasing the acoustic power 

available inside the AO  medium.  Another possible solution is to find a more suitable 

material, but this task has proved very problematic over 3 decades of research. 

The quasi-collinear configuration is typically selected for line selection application due 

to its narrow passband and low RF  power, hence this configuration is particularly  suit- 

able for filtering  wavelength above 2 µm, the narrow field of view and ÄÉǟÒÁÃÔÅÄ limited 

beam requirement limit  the use of this configuration, when the spatial coherence of the 

source is high (Beam quality as measured by M2 <1.5 [29]) . 

The non-collinear  configuration is a more suitable solution due to the large acceptance 

angle,  but  at  the expense of a  higher RF  power for peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ and 

broader pass-band due to a shorter interaction length,  consequently  high level of RF 

power (> 5 W) is required; under this operational condition some practical limitations 

(e.g.  temperature gradient, power handling)  rise for operational wavelength above 2µm. 
 

 

It  is possible to predict the RF  power dependencies  of the ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ for 

a given ratio  of the interaction length and optical face by using Eq.4.9 for a specific 
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Figure  5.6:   $Éǟraction  ÅǣÃÉÅÎÃÙ  for  ÄÉǟÅrent  ratio  of  the electrode dimension  at 4.5  µm 

under the paral lel tangent matching condition. 
 

 
wavelength and ɗi , an example is shown in Fig.5.6. 

In theory the RF  power required to achieve peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ could be dras- 

tically reduced for a ratio  of L/H  above 5. This becomes impractical for non-collinear 

AOTFs due the material dimension required to realize the device; in practice the ratio 

is of about 2.5 in case of non-collinear configuration.  If the practical limit  to the RF 

power (< 5 W),  when TeO2   is used,  then maximum ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ achievable 

is about 65% for a polarized source for ɚ = 4.5 µm.  The AOTF performance can be 

drastically improved with  the help of an acoustic resonant cavity which increases the 

available acoustic power in the AO  medium. 
 
 
 

 

5.4     Acoustic  resonant  configuration  
 

 
Conventional AOTFs have an acoustic absorber at the opposite face to the tr ansducer, 

or for that face to be angled to deflect the sound out of the Bragg plane(Fig.5.7(a)). 

The acoustic power inside the AO  medium is related to the RF  power applied to the 

ultrasonic transducer and the ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ is predicted by Eq.4.10 [6].   The 

ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ versus acoustic power inside the  medium can  be increased by 

configuring the cell as an acoustic resonant cavity, where the acoustic wave propagates 

between parallel faces.  Acousto-Optic mode locker relies on a similar  configuration, but 

in this case the device is used due to the frequency shift intr oduced by the tr avelling 

acoustic wave back and forward.[6] 

The acoustic wave will  tr avel forward and backward where the strain inside the medium 
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Figure 5.7:  Conventional  (a) and resonant (b) AOTF 
 
 
 
 
 
 

increases, if the two waves are in phase. The relation between acoustic power and strain 

is defined as: 
 

|S| = 

ã 
2Pa 

ɟV 3 H La 

 

(5.1) 

 

where V   is the phase velocity,  Pa  is the acoustic power,  ɟ is the density of the ma- 

terial,  H  is the height of the acoustic beam (defined by the electr ode),  and La   is the 

interaction length.  In first  approximation the acoustic power is considered equal to the 

RF  power absorbed by the ultrasonic transducer,  and from experimental results this 

approximation has been shown be in good agreement on the predicted performances. 

The acoustic power is given by: 
 

 
 

Pa  = 
ɟV 2S2H La 

(5.2) 
2 

 
which is substituted directly  in  Eq.4.9  for a  conventional AOTF. In  the  case of a 

resonant AOTF the average power inside the AO  medium is increased by the presence 

of the forward and backward waves depending on the number of reflection at  both 

surfaces.   In  theory,  if  an  ideal medium is considered where no acoustic losses are 

present and the medium is in perfect equilibrium,  then the acoustic power inside the 

cavity  could be theoretically predicted by  a  simplified model.    The  acoustic power 

stored inside the AO  cell is determined by the applied acoustic power (Pi ) applied to 

the transducer and estimating the number of ȱusefulȱ reflection including the acoustic 

attenuation.   The  power stored inside a cavity  length equal to L  in case of an even 

number of reflection N is estimated by determining the ÅǟÅÃÔ of the acoustic attenuation 

for a given RF  frequency and then folding the cavity and summing the acoustic power 
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of each acoustic reflection (Fig.5.10(a)): 
 
 

N 

P tot  = 
× 

Pi (xj ) (5.3) 
i 

 

 

with  Pi (xj ) is defined by Eq.5.2, and the summation is carried over the same elements 

of ÄÉǟÅÒÅnt arrays. 

The resonant AOTF devices has similari ty with  the AO  mode locker,  which rely on 

acoustic resonance. A  simple physical analogue to described the ÅǟÅÃÔ of an acoustic 

resonant cavity where waves tr avel in opposite direction using an ideal losses medium, 

where the ȱHoÏËÅȭÓ  Law corresponds to the force-displacement relation for a ÓÐÒÉÎÇȱ 

[17] 

F = K x  (5.4) 
 
where the strain corresponds to the displacement x and the applied force F  correspond 

to the stress. In a conventional AOTF, acoustic waves create a periodic perturbation 

applied to a single parti cle therefore the strain is proportional  to the applied stress. If 

a second acoustic wave with  the same amplitude is tr avelling in the opposite direction 

to the first  one, then the displacement is proportional  to the instant force applied to 

the particle, hence the phase ÄÉǟÅÒÅÎÃÅ between the two waves will  ÁǟÅÃÔ the total 

displacement (Fig.5.8). 

The particle displacement reaches a maximum when  ʟ= 0 and the amplitude is double, 

which means the acoustic power at that  specific point is four time the input  power. 

The ÅǟÅÃÔ of the phase ÄÉǟÅÒÅÎÃÅ between the counter propagating waves is shown in 

Fig.5.9. 

A  lossless  elastic material does not exist in nature, otherwise  the acoustic wave will 

propagate unaltered forever,  in reality a viscous damping term is intr oduced to de- 

scribed the acoustic attenuation; hence the acoustic power is dependant on the position 

and on the distance tr avelled inside the medium.  The values of the acoustic attenua- 

tion has been intr oduced in section 3.4.1  for TeO2, thus the intensity of the acoustic 

wave is reduced tr avelling back and forward in the crystal estimating the number of 

ȱpassesȱ before the intensity of the acoustic wave go below a threshold level, where the 

ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ is no longer improved.  Here it is defined an advantage factor as 
 

 
 

ADV  = 
P tot 

Pin 

 

(5.5) 

 
where P tot  is the total power inside the resonant cavity, and Pin is the RF power applied 

to the ultrasonic transducer; the advantage factor (ADV ) is dependent on the distance 
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Figure 5.8:  Particle  displacement subjects to two counter propagating elastic waves with dif- 
ferent phase ÄÉǟÅrence:   ʟ= 0 (a),  ʟ  = /́4  (b),  ʟ  = /́2  (c),  ʟ  =  ́ (d). 

 

 
 
 
 

 
 

Figure  5.9:   %ǟect  of  the  phase ÄÉǟÅrence  between two counter  propagating waves on  the 
particle displacement 

 

 
 
 
 
 

from the tr ansducer, an example is reporte in Fig.5.10 for a cavity length of 20 mm. 

From  the  advantage factor it  is possible define a  acousto optic figure of merit  for 



6
6 

 
 
 

resonant devices following Keller et al.[30]: 
 

 
 

M ǋ = 
M 

Ŭ(f )d 

 

(5.6) 

 

 

where d is the distance between the parallel faces in millimetres, Ŭ(f ) is defined as: 
 
 

Ŭ(f ) = af 3 + bf 2 + cf  + d  (5.7) 
 
 
with  f defined in megahertz, and with  a = -9.3947  × 10ī5 , b = 0.0130, c = -0.6548, 

and d = 13.7673. 

The  acoustic wave is also subject to ÄÉǟÒÁÃÔÉve ÅǟÅÃÔÓȟ which are not considered  in 

this model, therefore the advantage factor is limited  by the acoustic attenuation.  The 

acoustic attenuation increases proportionally  to f2, thus in order to obtain an elevated 

advantage factor the RF  frequency has to be lower than 50 MHz,  which is typically 

obtained for ɚ > 1µm. 
 
 

 

 
 
 
Figure  5.10:  Acoustic  power inside  a resonant cavity (red line)  and forward (blue line)  and 
backward (Green  Line)  travel ling acoustic wave for a cavity length of 20 mm (a).  Advantage 
factor for ÄÉǟÅrent ÄÉǟÅrent frequency and cavity length of 20 mm.  (b) 

 
 
 
 

The  acoustic waves tr avelling in  both  direction are in  phase when the  correct RF 

frequencies are selected, defined as ȱresonance  freÑÕÅÎÃÉÅÓȱ and determined by the dis- 

tance between the parallel faces (l ) of the AO  medium and the phase velocity (V ) of 
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the acoustic wave using the following relation: 
 

 

V 
Fres  = 

2l 
(5.8)

 

 
thus the RF frequency applied to the ultrasonic transducer has to be a finite  multiple  of 

Fres , if this condition is satisfied then the backward and forward acoustic waves are in 

phase and resonance between the ÄÉǟÅÒÅnt elastic waves is established, consequently  the 

advantage factor reaches a maximum.  The ÅǟÅÃÔ of the acoustic wave travelling back 

inside the ultrasonic transducer ÁǟÅÃÔÓ the performance of the device and is intr oduced 

in the next section in more detail. 
 
 
 

5.4.1     %ǟÅÃÔÓ  of travelling  wave in  acoustic  resonant  cavities  
 

 

The reflected acoustic wave tr avelling inside the ultrasonic transducer does not ÁǟÅÃÔ 

the RF  matching performance  because no additional stress is created inside the ul- 

trasonic transducer since the forward and backward acoustic waves are in phase.  In 

reality thermal gradients are present inside the AO  medium due to the acoustic at- 

tenuation.   The acoustic attenuation is a source of heat inside the AO  medium,  this 

changes the cavity  dimension altering the phase of the backward acoustic wave and 

subsequent  reflection.   Two noticeable ÅǟÅÃÔÓ ÁÒÅ visible when out-of-resonance: first 

a feedback signal is generated by the ultrasonic transducer due to additional stress 

components, which generate an electrical signal transmitted inside the matching net- 

working ÁǟÅÃÔÉÎÇ the VSWR which can reach a level above 10. Hence most of the RF 

signal applied to the ultrasonic transducer is reflected back into the RF  dri ver.   The 

resonance is dependent on the acoustic cavity dimension, which is strongly ÁǟÅÃÔÅÄ by 

any change in temperature of the crystal mainly due to the acoustic attenuation ÅǟÅÃÔȢ 

The second ÅǟÅÃÔ is the reduction of the ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ because acoustic wave 

are no longer generated by the ultrasonic transducer and the temperature inside the 

AO  medium drops generating temperature gradients.  Consequently,  the free spectral 

range (the distance between resonance frequencies) changes due to the modification  in 

time of the cavity length. 

In conclusion in order to maintain resonance, the AO  medium should be in thermal 

equilibrium  with  the aid of a lock-in mechanism to track the resonance  frequency.  It 

has been seen experimentally  that a lock-in mechanism is required when the RF  power 

is above 500 mW for TeO2, and several Watts in case of crystal Quartz. 

Acoustic  resonance has been observed in the transducer by  monitoring  the VSWR 

experimentally by means of pulse echo measurements,  described in Appendix F. The 

results obtained have been compared to the measurements taken by a network analyser. 
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The resonance frequencies of the devices were determined  by the presence of negative 

peaks in the VSWR, where the ȱÁÃÔÕÁÌȱ VSWR was measured (Fig.5.11). 
 

 
 

Figure 5.11:  VSWR recorded by Network analyser of the resonant AOTF, with tuning range 
between 1µm and 2µm. 

 

 
 

When the cavity is Ïǟ resonance the electrical coupling is poor,  and most of the RF 

power delivered by the RF  dri ver is reflected back from the transducer (VSWR>25). 

The ȱfree  spectral ÒÁÎÇÅȱ of the cavity is determined by Ўf = V /2L and this was in 

good agreement with  the observed frequency spacing on the network analyser. 

The position of the resonance frequencies depends on the cavity dimension and is af- 

fected by temperature modification, due to the attenuation of acoustic waves and heat 

generated by the transducer.  Therefore the resonance frequency  spacing and position 

are not stable and without  a temperature compensation mechanism are ÄÉǣÃÕÌÔ to 

tr ack.   For this reason a lock-in process  is described in order to maintain the device 

on resonance.  This would continuously monitor  the VSWR of the transducer and the 

temperature of the cell and so maintain resonance. 

As it  has been previously stated,  the out-of-resonance the electrical coupling is poor, 

therefore the tuning relation (Eq.4.5)  is not continuous, as on conventional a device, 

but is formed by a series of allowed frequencies. For this reason the dimension of the 

resonant cavity should be configured so as there are ÓÕǣÃÉÅnt resonance frequencies for 

a given passband.  In practice, this is easily achievable for a large aperture AOTF. 
 
 

 

5.5     Resonant AOTF devices in  Tellurium  Dioxide  
 
 

Two resonant AOTFs were designed  and built  to demonstrate the principle  and accu- 

racy of the mathematical model.  The first  prototype had a tuning range between 1µm 
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and 2µm but no temperature compensation mechanism was included (Fig.5.12).  The 

second prototypes was optimised design for the wavelength range between 2 µm and 

4.5 µm. 
 
 

 
5.5.1     Proto type Resonant AOTF between 1µm and 2µm. 

 

 

The  first  prototype of the resonant AOTF was built  using an existing cell from an 

imaging AOTF working in the visible range, but  bonding an ultrasonic transducer 

with  a ÄÉǟÅÒÅnt thickness in order to allow operation in the IR  range between 1µm 

and 2µm.    A  broad band matching network was designed and built  in the desired 

frequency range. The acoustic phase velocity direction was about -82Ǔ  and ɗi  = 15.5Ǔ . 

The  electrode size is equal to 5 mm(H) x  10 mm(L),  which is smaller compared to 

a  standard device to  take account the  acoustic divergence in  the  out  of the  plane 

direction typically shown in the K-space diagram.  The performance predicted by the 

mathematical model showed RF  power for ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ lower than 400 mW, 

therefore no temperature compensation mechanism was added since for RF  powers 

below 1 W it  is possible to achieve temperature stabilization easily. 
 

 
 

Figure 5.12:  SolidWorks  assembly (left)  and final device (r ight). 
 
 
 

The matching network was been split  in to two ÄÉǟÅÒÅnt PCBs  in order to obtain the 

broad band matching,  this solution is typically used on a large aperture AOTF with 

extended frequency range. The presence of feedback signal from the transducer when 

the resonance  frequencies are not selected makes it  ÄÉǣÃÕÌÔ to predict the matching 

network. 

In this case the vertical PCB has been added because the conventional way to design 
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matching networks is of applied here due to the presence of the reflected acoustic wave, 

which has been verified by recording the VSWR of the device on a spectrum analyser. 

The  free spectral range of the acoustic wave was 15,75 MHz,  which confirmed the 

acoustic phase velocity excited by the ultrasonic transducer for the thickness of the cell 

equal to 21.26 mm, giving an acoustic velocity equal to 669,69 m/s  with  an error  equal 

of 0.04% (where the theoretical value of the phase velocity is 670 m/s) . 
 

 
 
Figure 5.13:  Photograph of the data recorded from the resonant AOTF with a spectrum anal- 
yser. 

 
 
 

The  RF  power for peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ has been measured with  laser line test 

described  in appendix G.1.   A  peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ equal to 85% was observed, 

which is limited  compared to a conventional AOTFs where the ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ is 

typically above 95% for linearly  polarized light.  The RF  power vs. ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ 

was recorded with  a laser at ɚ = 1550 nm. 

The measured  performances  were close to the predicted values therefore an optimized 

design has been prepared operating in the wavelength range between between 2µm and 

4.5µm. 
 
 

 
5.5.2  AOTF optimized  design for  wavelength  range between 2µm 

and 4.5µm 

A second AOTF with  an optimized design was built  with  a tuning range between 2µm 

and 4.5µm (Fig.5.14) satisfying the parallel tangent matching condition.  The acoustic 

propagation (ɗa  = -78.0Ǔ)  was to increase the RF  frequency to simplify  broadband 

matching,  leading to a particularly  large AO  cell due to the acoustic walk-ÏǟȢ  The 

predicted performance was obtained from dedicated Matlab routine to design resonant 

device, written  by the author.  The temperature equilibrium  of the AO  cell ws moni- 
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Figure 5.14:  Optimised  resonant AOTF photo of the inside where the position of the temper- 
ature sensor is shown(left).  Detail of the heat-pump position used to stabilise the temperature 
(ri ght). 

 
 

 
tored by two digital temperature sensors (DS18B20) mounted on the top and on the 

bottom of the AO  cell and controlled  by an external microprocessor.  Temperature is 

measured with  a precision of 0.03ǓC.  In addition, a Peltier  thermoelectric heat pump 

was installed to control  the temperature and minimise gradients inside the AO  crystal. 

The heat pump and the temperature  sensor were controlled  using a dedicated connector 

with  6 pin and using the following schematic.  The data cable and temperature con- 
 
 

 
 

Figure 5.15:  Schematic of the temperature sensors connection  to the plug. 
 
 
 
 

troller  where connected  to a power supply for the heat pump and to a micro-controller 

(Arduino)  to read the temperature from both temperature sensors, which can be ad- 

dressed separately on the same data line.  The heat pump connection  where connected 

to a power supply controlled  manually,  and the +5  V, GND, and DATA connections 

were wired to the Arduino, which allow to record the temperature of the crystal. 
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5.6     Active  Lock-in  via temperature  control  
 
 
The resonant frequency of the AOTF may be controlled  by temperature, however the 

aim was to achieve thermal equilibrium  within  the surrounding ambient.    This  was 

complicated is due by  the heat generated by  the attenuation of the acoustic wave, 

which can be considered  as a heat source.    It  has been proposed to cool down the 

devices to cryogenic temperature by Chang . The heat pump could be used to extract 

the heat generated by the acoustic wave, however this solution create a unstable lock- 

in condition,  because the RF  power increases  with  the wavelength and the acoustic 

attenuation decreases altering the thermal equilibrium.  The solution proposed here is 

 

 

 
Figure 5.16:  Temperature recorded from the temperature sensor with RF  Ïǟ and RF  on. 

 
 

 
to use the opposite approach; the cell is heated up to a temperature of about 30ǓC 

by means of the heat pump and at  the same time the base of the AOTF is cooled 

down helping to  maintain a  stable matching temperature.   When the RF  power is 
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applied then the temperature inside the AO  cell increases  up to 1Ǔ C  - 2ǓC,  altering 

slightly  the thermal conditi on.   The  resonance  frequency of the devices change with  
 

 
 

Figure 5.17:  Direction  of the shift of the resonant frequencies with temperature. 
 
 

 
the cavity size, therefore a change in the temperature moves the resonance frequencies, 

which are the negative peaks in the VSWR. The  lock-in is obtained selecting a RF 

frequency where the VSWR has a negative slope, with  the increase of temperature 

the peak moves toward a minimum and then increases again.  When the minimum on 

the VSWR is reached the coupling coÅǣÃÉÅnt reaches a maximum changing the RF 

frequency by a small amount Ўf  in order to select a position,  where the slope of the 

VSWR is negative. 

The  controller  of the dri ver tracks the selected peaks, and the trigger changes the 
 

 
 

Figure 5.18:  Lock-in  process used to maintain the resonant device in resonance. 
 
 

 
frequency to the correct value where the VSWR > 2, therefore the temperature of the 

AO  cell increase continuously, after about 10 minutes, the temperature stabilization is 

reached and the device remain locked for about 3 hours. This solution allow to control 

the resonance AOTF by means of simple software. 
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Component 
 

Identification  
 

Supplier 
 

Cost 
 

Quantity 

 

µ-controller  
  

Texas Instrument 
 

£8 - £25 
 

1 

 

Power Supply 
 

117-769(350W) 
 

RS  Components 
 

£55 
 

1 

 

Power Detector 
 

ZX47-40LN+ 
 

Minicircuits  
 

£ 75.47 
 

1 

 

20dB Coupler 
 

ZDC-20-1BR+ 
 

Minicircuits  
 

£ 44.85 
 

1 

 

Table 5.1:  Basic  components to realize the resonant RF  driver. 
 
 
 

5.6.1     Advanced RF  Driver  control ler  
 

 

The resonant AOTF dri ver could be also realized by using COTS1 components. 
 

 
 

Figure 5.19:  Schematic proposed to build a RF  driver to be used with resonant acousto-optic 
device. 

 
 
 
The solution could be embedded inside a dedicated RF dri ver, or realized as an external 

module between the RF  dri ver and the AOTF. The list  of components (Tab.5.1  and 

Tab.  5.2).     The solution proposed is modular in order to meet potential  early users 

needs, and list  in Tab.5.1-5.2 are intended to advise COTS components, which might be 

used and to give a rough idea of the price range to build the preliminary  system.  The 

prototype was not been built  because it  was out of the scope of the research activities, 

and it  has been presented to help additional ÅǟÏÒÔ on the developing of a RF  dri ver for 

resonant acousto-optic devices. 

Another solution is to implement a phase locked loop as described in [31],  where the 

resonance frequency is continuously tracked,  this solution could be implemented in 

addition to increase the capability of the current dri vers produced by Gooch & Housego. 

1 Commercial /ǟ-The-Shelf 
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Component 
 

Identification  
 

Supplier 
 

Cost 
 

Quanti ty 

 

RF  amplifier  5W 
 

ZHL-5W-2G 
 

Minicircuits  
 

Ḑ £900 
 

1 

 

Function generator 
 

DSS  module 
 

AD9854 
 

Ḑ £100 
 

1 

 

Mini-Computer 
 

Beagle board 
 

RS  components 
 

£25- £ 50 
 

1 

 

Table 5.2:  Additional  Components 
 
 
 

5.7     Test  Setup 
 
 

The resonant AOTFs were tested using the set-up shown in Fig.5.20 and Fig.5.21. 
 

 
 

Figure 5.20:  Setup with lock-in amplifier and laser source 
 
 
 

The laser line test (Fig.5.20)  was used to record the RF  power versus ÄÉǟÒÁÃÔÉÏÎ Åǣ- 

ciency for a fixed wavelength predicted by Eq.(8.11); a lock-in amplifier  was used in 

order to achieve greater accuracy.  Two ÄÉǟÅÒÅnt laser lines were chosen: 1550nm,  and 

3390nm.  The RF  power meter was used to measure the VSWR of the device and the 

RF  power delivered by the function generator, which had a precision of 1 Hz.  The tun- 

ing curve, predicted by Eq.4.5, of the first  prototype was determined using the setup in 

Fig.5.21,  where a supercontinuum source with  a spectral emission in the range of 450 
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Figure 5.21:  Setup and with supercontinuum source 
 
 

 
nm up to 2000 nm was used.  The first  ÄÉǟÒÁÃÔÅÄ order had been measured by means 

of an optical spectrum analyser and the RF  power for PDE  had been measured for the 

wavelength range between 1µm and 2µm. 
 
 
 
 

 

5.8 Perf ormance  comparison  between conventional  and 

resonant  configuration  

In  order to verify the feasibility of the proposed solution, the two ÄÉǟÅÒÅnt devices 

as described above.  The first  prototype has a tuning range between 1µm and 2µm, 

as expected the advantage obtained by the resonant configuration was about 4, using 

the Matlab  routine to design resonant AOTF, and the tuning relation was in good 

agreement with  the predicted values with  an error  within  ±0.05%  (Fig.5.22).   The 

optimize design with  a tunable range between 2 µm and 4 µm was tested using the 

setup in Fig.5.20, using a laser source at 3390nm. 

The advantage factor measured was about 5 and in good agreement with  the theoretical 

values. 
 

 
 
 

5.9     Frequency  shift  in  the resonant  AOTF 
 
 

The AO  interaction intr oduce a frequency shift on the first  ÄÉǟÒÁÃÔÅÄ order equal to 

the RF  frequency applied.  The direction of the shift  depends on the phase matching 

condition,  as previously reported a phonon could be generated or annihilated in the 

AO  interaction, this ÅǟÅÃÔ could be represented in the K-space diagram by the by the 

direction of the Ka   vector [6].  It  has been reported by Ward and Pannell [32],  where 
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Figure  5.22:   RF   power for  peak ÄÉǟraction  ÅǣÃiency(ri ght),  detailed view of  the resonant 
AOTF performance(left)  

 

 
 
 

a pair of AOTFs  was matched to generate a null  frequency shift,  where the acoustic 

vector propagates in opposite direction.   In case of a resonant AO  devices particular 

was not clear if the tr avelling acoustic wave tr avelling forward and backward in the 

device would generate an up-shift, down-shit, or a null -shift.  Therefore an experiment 

was carried to experimentally measure the frequency shift of the device by means of 

an interferometer.  The set-up is shown in Fig.5.24, where two AOTFS were used. 

The first  AOTF was used to intr oduce an initial  frequency shift,  which was measured 

in order to have the reference. The first  AOTF was operated at 64.5670 MHz with  an 

RF  level of 1 Watt.  The resonant AOTF was dri ven at 32.6632 MHz.   The combined 

signal from the reference and shifted arms was measured with  a photo diode connected 

to a spectrum analyser with  an accuracy of 1 Hz. 

The experimental results shows the presence of a down-shift and up-shift components, 

due to the forward and backward acoustic wave respectively.  The reason of the presence 

of both shifts is believed to be the resonant acoustic wave is seen by the phase matching 

condition as two separate waves, which are in phase, therefore an advantage factors is 

measured and the ÄÉǟÅÒÅÎÃÅ between the down-shift and up-shift is of the order 10×10ī5 

nm, detailed information are going to be reported in the paper in preparation. 
 
 
 
 

5.10    Conclusions 
 
 

In conclusion the practical limitation  on the RF power (< 5W ) for conventional AOTFs 

limits  their  use for several applications in the wavelength range above 2µm.  The RF 
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Figure 5.23:  RF  power versus ÄÉǟraction ÅǣÃÉÅÎÃÙ  for ɚ = 3390 nm. 

 

 
 

 
 

Figure  5.24:  Frequency  shift AOTF set-up where the resonant AOTF is second AOTF, and 
AOTF 1 is introduced to generate an initial  frequency shift. 

 

 
 
 

power for peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ whilst  being material dependent and limited  by 

the interaction length tends to be determined by the ɚ2  dependency.   One  solution 

to reduce the RF  power could be to increase the interaction length,  but because the 

acoustic walk-Ïǟ quickly increases the material footpri nt and anyway, this will  serve to 

narrow the line width  and thus restrict  optical throughput. 

The resonant configuration is an ÅǟÅÃÔÉve solution to reduce the power consumption 

of AO  devices since the phonon energy is ÅǟÅÃÔÉvely ȱrecycledȱ,  thus reducing the RF 

power requirement.  However,  acoustic attenuation restricts the use of such a solution 

in the visible range,  as the RF  frequency is usually too high (>50 MHz).  The tuning 
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curve is not continuous in the case of resonance devices, but due to the large aperture 

it  is possible to achieve more than 20 point per nanometers. 

The experimental results are in good agreement with  predictions.  The tunabili ty of 

the first  prototype was demonstrated in the wavelength from 1µm and 2µm. Unfortu- 

nately no suitable white-light source was available to test the tunabili ty in the 2µm to 

4µm range of the optimized design, but the laser test showed good agreement with  the 

predictions.  Consequently  we are confident of the tunabili ty of the device. 

The electrical feedback signals, when the device was out-of-resonance, created an issue 

for the electrical matching which could be harmful to the RF  components, for this 

reason a lock-in mechanism to maintain the device on resonance  is highly desirable. 

The implementation of the resonant controller  could be realized using alternative ap- 

proaches, currently  a non-integrated solution is under development,  which hopefully 

will  lead to an integrated solution. 
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Chapter  6 
 

 
 
 
 

Acousto-Optic  Tunable  Filter  for 

wavelength  above 5µm in  Calomel 

single  crystal  

 
 
 
 

6.1 Intr oduction  
 
 

The wavelength range above 5µm is of particular  interest for several applications from 

remote sensing to biological studies [33]. 

Gooch and Housego Ltd.(UK) is leading a European project (FP-7)  with  the aim to 

build a system able to diagnose premature skin cancer cells analysing the spectrum 

between 4.5µm and 10µm. The current system in development is a microscope fitted 

with  a super-continuum  source illuminating  the target,  with  a tunable filter  to select 

a narrow bandwidth of the spectrum.  Thus an acousto-optic tunable filter  with  wave- 

length range up to 10µm seems to be a good option and will  be developed by G&H. 

The wavelength range in consideration is beyond the transmission window of Tellurium 

Dioxide, which is limited  to about 5 µm,  thus the research activity has been focused 

on other birefringent AO   materials with  extended transmission in  the Long  Wave- 

length Infrared (LWIR). Mercurous halides have been reported to be crystals with  good 

acousto-optic properties   [34][35];  for example Mercurous Bromide (Hg2Br2)  has been 

extensively studied by Gupta  and Voloshinov and several papers have been published 

[36][ 37], another crystal is mercurous chloride, also known as Calomel.  A Calomel sin- 

gle single crystal was selected due to its availability.  This particular  crystal is supplied 

by BBT, a crystal growth company based in to Czech Republic, which is part of the 



8
2 

 

c 

 
 

c11 0.8925 × 1010
 [N/m ] 

c12 1.7192 × 1010
 [N/m ] 

c13 1.563 × 1010
 [N/m ] 

c33 8.037 × 1010
 [N/m ] 

c44 0.8456 × 1010
 [N/m ] 

c66 1.225 × 1010
 [N/m ] 

 
 

Table 6.1:  Elastic  ÓÔÉǟÎÅÓÓ  constant for Calomel  Single Crystal 
 
 
consortium.  The agreement within  the project is to design the AO  cells and polished 

cells supplied by BBT. 
 

 
 
 

6.2     Calomel Single Crystal  pro perties  
 
 

The acousto-optic  properties of Calomel single crystal have been investigated  by [2][ 38], 

where a high M2   for the longitudinal  mode has been reported.   In the literature  the 

value of the acousto-optic figure of merit  for slow shear interaction is only reported 

for propagation direction along the t axis,  thus the physical properties of Hg2 Cl2   are 

investigated for the feasibility of an AOTF design.  This crystal is an anisotropic mate- 

rial  with  an extraordinary  slow shear velocity and high density (ɟ = 7180 K g/m3) [7], 

belonging to the tetragonal crystal class and the elastic constant values are reported 

in table 6.1 

The crystal symmetry allows to use the same analytical results obtained for TeO2   us- 

ing the appropriate elastic ÓÔÉǟÎÅÓÓ constants.  Only the detailed study of the relevant 

acoustic mode used in the birefrin gent AO  interaction is examined, the reader is invited 

to follow the same analysis described in Ch.2 for Tellurium  Dioxide in case of the other 

acoustic modes. 

The acousto-optic interaction takes place in the tZ plane, because the slowest velocity 

lies in this plane, and the acousto-optic figure of merit is at a maximum.  Another rea- 

son to select the plane is the acoustic wave polarization, which is always perpendicular 

to the plane due to the crystal symmetry; the phase velocity expression for the slow 

shear mode for an arbitrary  direction of propagation in the plane can be expressed by 

Eq.(3.30): 
ǋ 

V 2  66  2
 c44  2  2  2

 

S  =  cos (ɗ) + 
ɟ 

sin (ɗ) = Vt cos (ɗ) + Vz sin (ɗ) (6.1) 
ɟ 

 

with  ɗ measured from [110]  direction, Vt = 347 m/s, and Vz = 1084 m/s;  the slowness 

curve of Calomel single crystal is shown in Fig.3.13.   Before entering in to details of 

the AOTF design,  it  is necessary to intr oduce the physical and chemical properties of 
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Calomel Single crystal, which ÅǟÅÃÔÓ the design consideration. 
 
 

 
6.2.1  The  physical  and chemical  pro perties  of Calomel single 

crystal  

Mercurous Halide crystal are known to have adverse physical and chemical proper- 

ties, which limits  the possibility to use conventional bonding technique using elevated 

pressure and non-noble metals as bonding layers. Calomel single crystal (Hg2 Cl2) chem- 

ically reacts with  non-noble metals releasing free mercury and creating defects on the 

surface which propagate inside the crystal,  therefore the conventional technique used 

in Gooch and Housego Ltd. (UK)  cannot be implemented because it  requires the use of 

non-noble metals at high pressures.  Attempts to bond an ultr asonic transducer directly 

was reported by Gottlieb  [36]  and Gupta  [34], where  the calomel crystal is protected 

by a thick layer of gold.  This solution was impractical from the point of view of day 

to day production due to the inherent risk of contaminating the bonding plant. 

A  solution was proposed to overcome the bonding issue related to the conventional 

technique consisting of the use of a intermediate substrate made of a material with 

similar  acoustic impedance, where a conventional bonding technique could be used; 

where the continuity of polarization vectors is preserved across the two ÄÉǟÅÒÅnt mate- 

rials, in order to excite the correct acoustic mode inside the Calomel crystal. 

This technique is described in detail in the next section, before describing the design of 

the Calomel AOTFs  developed for the MINERVA system,  the non-standard bonding 

technique is intr oduced from the theoretical point of view and experimental results 

discussed.  The results obtained are relevant for the feasibility study of the AOTF. 
 
 

 

6.3     Non-Standard  bonding  technique  
 

 

The non-standard bonding technique developed uses, an intermediate substrate made 

of a suitable crystal bonded to Calomel  by means of an adhesive layer.    Particular 

attention has been paid to identify  a proper material, which should have similar  acoustic 

impedance and most important, that the eigenvectors continuity is maintained in order 

to excite the correct acoustic mode inside the AO  materi al.  The continuity condition 

is defined by 

v(ɗa1) × vH g2 C l2 
(ɗa2) = 0 (6.2) 

 
where v and vH g2 C l2    

are the eigenvectors  related to slow shear mode in this case for 

the substrate material and for the Calomel cell,  respectively.  $ÉǟÅÒÅnt materials were 
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investigated in order to determined the best candidate to use as a substrate. 
 
 
 
 

6.4     Substrate  choice:  Tellurium  Dioxide  T eO2 
 
 

The material choice of the substrate was influenced by the availabili ty and possibility 

to be manufactured inside the G&H  site, leading to three ÄÉǟÅÒÅnt possibilities: fused 

silica,  crystal quartz,  and Tellurium  Dioxide.   The  theoretical performance of each 

substrate was investigated in order to determine the best candidate for the prelimi - 

nary test.  Crystal quartz and fused silica were considered  but poor acoustic matching 

impedance was predicted by a dedicated modelling routine prepared in Matlab written 

by the author. 

The preliminary  results are not reported below for brevity and only the results of the 

most promising material are reported in this thesis. The material substrate giving the 

best performance  was found to be Tellurium  Dioxide,  due to its crystal class being 

similar  to the Calomel single crystal.   It  posses  a similar  acoustic impedance for the 

slow shear mode relevant to the acousto-optic interaction.  Because of the anisotropic 

nature of the phase velocity in both crystals,  a mathematical model was developed in 

Matlab by the author to determine the best orientation for both crystals to maximize 

the acoustic transmission between the bonded substrate and the AO  cell. 
 

 
 
 

6.5     Acoustic  im pedance match ing 
 

 

The  theoretical acoustic coupling coÅǣÃÉÅnt between two ÄÉǟÅÒÅnt materials is esti- 

mated by the acoustic impedance defined by Z  = ɟV , where V   is the acoustic veloc- 

ity defined by the mode and propagation direction in case of acoustically anisotropic 

material.   The  transmission and reflection coÅǣÃÉÅnts are defined from the acoustic 

impedance by [6]:  
 

 

R = 
Z2(ɗ) Ϻ Z1(ɗ) 
Z2 (ɗ) + Z1(ɗ) 

T = 
2Z1(ɗ) 

Z2(ɗ) + Z1(ɗ) 

 

(6.3) 
 
 

(6.4) 

 

 

where Z1  = ɟV1(ɗ) is the acoustic impedance of the acoustic wave in the first  medium, 

which is TeO2, and Z2  = ɟV2(ɗ) is the acoustic impedance in the second medium, which 

is the AO  cell made of Calomel. 

The theoretical reflection coÅǣÃÉÅnt is estimated for any propagation direction of the 
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acoustic wave in the latter  with  ɗa2  in the range between 0 Ǔ and 180 Ǔ rotating the 

former.   Results  of the  theoretical transmission are shown in  Fig.6.1(a),  using the 

schematic of Fig.6.1(b)  as a reference, where a perfect bond at the interface 1 is as- 

sumed. 
 

 
 

Figure 6.1:  Configuration  of TeO2 bonded to Hg2Cl2   (a) and relative transmission  coeǣcient 
(b) 

 
 

The theoretical model developed in Matlab allows the best orientation of the substrate 

for a given direction of the acoustic wave to be selected.  It  is possible to maximize the 

transmission  of the acoustic wave from a medium to another.   The theoretical trans- 

mission of the acoustic wave between H g2C l2  and T eO2  crystals is 95%, in practice 

this value is never reached this due to presence of an organic bonding layer ÁǟÅÃÔÉÎÇ 

the coupling coÅǣÃÉÅnt. 
 

 
 
 

6.6     Bonding  material  
 
 

The choice of the bonding material  depends on the Calomel single crystal properties 

and should have the following specifications: 
 

 

Ɇ  No  UV cure required :  H g2C l2  single crystal must be protected from UV  ra- 

diation, otherwise the crystal becomes dark and prevents transmission (solarize ), 

consequently  the bonding material must cure without  UV  expositions. 
 

Ɇ  Good   homogenei ty:   the acoustic waves tr avelling through the bonding layer 

should not be subject to scatter,  in order to maintain the direction of polariza- 

tion vectors; thus the particle size inside bonding layer should be an order of 

magnitude smaller than the acoustic wavelength. 
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Ɇ  The  hardness  of bonding layer is proportional  on first  approximation to  the 

acoustic waves attenuation, which should be minimized. 
 

Ɇ  Room  temperature  cure :  due to the ÄÉǟÅÒÅnt thermal expansion coÅǣÃÉÅnt 

of the two crystals and of the bonding materi al,  a  room temperature cure is 

desirable to avoid the intr oduction of additional stress at the bonding surfaces. 
 

Ɇ  Low viscosi ty would help to spread an even and thin  layer of glue on the surface, 

helping the transmission of acoustic waves. 
 

Ɇ  Full  curing  Time  at  room  temperature  must be between the 24 and 36 

hours, with  setting time of about 15 minutes. 
 

 

$ÉǟÅÒÅnt types of glues have been examined and the lens cement glues have the correct 

physical properties except the UV  radiation to activate the curing process. The ones 

listed below do not required UV  curing and fulfil  the additional requirement: 
 

 

Ɇ  Summer Optical Lens Bond F-65 
 
Ɇ  Summer Optical Lens Bond RD3-74 

 
Ɇ  Araldite 2020 

 
 

The acoustic properties of the glues are ÄÉǣÃÕÌÔ to predict and no values are reported 

by  the supplier,  therefore in  order to  determine the  transmission coÅǣÃÉent of the 

ÄÉǟÅÒÅnt glues an acoustic experiment has been carried over using the pulse-echo rig 

and an acousto-optic tests, initially  bonding two ÄÉǟÅÒÅnt substrates made of TeO2  with 

the same orientation and assuming the theoretical transmission equal to 100%. Once 

the glue with  best acoustic performance is identified,  a Calomel cell and the acoustic 

prism with  an ultrasonic transducer is bonded to create an acousto-optic device. 
 

 
 
 

6.7     Pulse-echo measurement:  Setup 
 
 

The  acoustic wave transmission between the two ÄÉǟÅÒÅnt substrates was measured 

by means of a pulse-echo techniques, which requires an interface solid/air  identified 

as second interface (Fig.6.2),  parallel to the transducer face.  A  special device mount 

has been designed and built,  which allow to test ÄÉǟÅÒÅnt bonded samples; the de- 

vice mounted is realised in Polyoxymethylene (Delrin)  (Fig.6.2)  in order to avoid to 

damage the Calomel crystal when used.  The material choice has been dictated by the 

incompatibili ty of calomel with  non-noble metal layers,  which would cause corrosion, 
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Figure  6.2:  Device  to measure the transmission  of the acoustic wave between two materials 
bonded with glue 

 

 
gradually destroy the bond and damage the crystal 

The ÅǟÅÃÔ of the bonding layer on the transmission coÅǣÃÉÅnt is measured from the 

amplitude of echo detected by the ultrasonic transducer reflected from the interface 

between T eO2  and H g2 C l2  and between H g2C l2  and air, where the ratio between am- 

plitudes of two adjacent peaks gives the reflection coÅǣÃÉÅnt of the interfaces. 

A  slow shear wave propagating along the [110]  direction has been selected in both 

substrates because the acoustic walk-Ïǟ is zero,  therefore the acoustic pulse time of 

flight is determined only by the sample thickness.  The  first  substrate bonded with 

the ultrasonic transducer has a thickness equal to 1.9 mm and 5.0 mm for the second 

substrate, the phase velocity (V  = 616 m/s)  is the same in both substrates. 

The transmission coÅǣÃÉÅnt theoretically is equal to 1 and no reflected wave should be 

detected from the first  interface, in practice the presence of a glue layer reduces the 

transmission coÅǣÃÉÅnt due to the ÄÉǟÅÒÅnt elastic properties. 

The  experimental test bonding TeO2-TeO2  shows that  the glue layers ÁǟÅÃÔ signifi- 

cantly  the transmission coÅǣÃÉÅnt and ȱspurious  ecÈÏȱ reflected by the first  interface 

are detected by the tr ansducer, as shown in Fig.6.3(c). 

A  routine has been developed in order to determine the time distribution  of all the 

reflection coming from both interfaces when the substrates thickness are defined by the 

user,  and markers are automatically added to identify  the ȱexpected  positionȱ of each 

echo source. 

The glue layer has been considered to determine the diǟerent source of the signal de- 

tected at the transducer level, therefore the first  series of echoes is comes from the first 

interface, and the second from the solid/air  interface; the third  comes from a more 
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Figure  6.3:  Diagram of the possible acoustic paths inside  the crystals (a).  Photograph of the 
device to assess the quality of the bonding obtained with the glue layer (b).  the Experimental 
results obtained from the pulse-echo RIG of two TeO2 samples bonded with Araldite 2020 (c). 

 
 
 
 
 
 
 
 
 
 
 
complex reflection (Fig.6.3(a)). 

Several substrates with  a bonded transducers have been prepared) and due to the man- 

ufacturing tolerance the average thickness of the substrate is equal to 1.9 mm ± 0.001 

mm,  due to the variation of the transducer thickness and bond thickness between the 

ultrasonic transducer and the TeO2   substrate.  The  tolerances intr oduce an error  in 

the estimation of the time of flight which is equal to 0.100 µs,  which is beyond the 

detectable signal from the pulse echo Rig.  The second substrate in TeO2, which repre- 

sents the AO  cell, has thickness of 5 mm ± 0.001 mm. 

The experimental results shows a good agreement with  the prediction obtained from 

the mathematical model developed, but the coupling coÅǣÃÉÅnt was ÄÉǣÃÕÌÔ to estimate 

due to the RF  power detector which is not calibrated, therefore the only significant re- 

sults obtained is the verification  of the correct acoustic mode excited in both substrate 

and the ÅǟÅÃÔ of the glue layer used as a bond material. 

The best results have been obtained from ȱAraldite  2020ȱ (Fig.6.3),  which has been 

selected to be used with  Calomel substrates polished by BBT. 
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6.7.1     Bonding  experiment:  Calomel 
 
 
 

The phase velocity in Calomel single crystal along the 110 direction  is equal to 347m/s, 

and power reflection coÅǣÃÉÅnt for an ideal bond obtained contacting TeO2  and Calomel 

is equal to 16%. In the real device the glue layÅÒȭÓ presence will  increase the reflection 

coÅǣÃÉÅnt.    Experimentally using the F-65 and RD3-74 no echoes from the second 

interface could be detected by the pulse-echo Rig, and the only possible conclusion is 

no acoustic wave are ÅǣÃÉÅntly  coupled inside the Calomel substr ate.   Araldite 2020 

shows a reaction with  the Calomel cell due to the primer, and it  seems that free mercury 

is released from the interface, helping the acoustic coupling between the substrate due 

to the presence of a bond layer, which gradually changes its composition from glue to 

mercury with  an equal acoustic impedance at the interface with  Calomel crystal.  The 

pulse echo measurement  shows the presence of only one echo coming from the interface 

air/ solid.   In order to have additional information,  an acousto-optic experiment has 

been realized using the cell as a deflector, which is the topic of the next section. 
 
 
 
 
 
 

6.8     Acousto-Optic  Test  
 
 
 

The  Acousto-Optic  test  will  indicate the  acoustic coupling coÅǣÃÉÅnt between the 

bonded substrates, comparing the measured ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ versus RF  power ap- 

plied to the transducer, and it  will  be used as a reference. The theoretical values of the 

expected ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ considering a perfect bond between the transducer and 

AO  cell. 

The Bragg condition is obtained for any internal incident angle ɗi  for ÄÉǟÅÒÅnt wave- 

lengths but only a limited  interval can be use due to the cell dimension,  therefore a 

routine has been developed in order to predict the performance of the AO  interaction 

and RF  frequency to achieve phase matching condition for the range of allowed an- 

gles.  The acoustic field is considered equal to the electrode size and near-field ÅǟÅÃÔÓ 

and ÄÉǟÒÁÃÔÉÏÎ ÏÆ the acoustic wave have not been considered for simplicity.   A  laser 

source with  an emission at 1550 nm has been selected due to the low power requested 

to achieve peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ and the relative low frequency.   The ÄÉǟÒÁÃÔÉÏÎ 

ÅǣÃÉÅÎÃÙ is determined by Eq.4.10, proposed again below 
 
 

ɖ = sin2
 

{  
 ́

ɚ0 cos ɗ 

ã 
M2LPa 

}
 

2H 

 
(6.5) 
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where L and H are the transducer dimension, Pa  is the RF  power, ɗ is the input  angle, 

ɚ0 is the laser wavelength and M2  is the acousto-optic figure of merit  [6]: 
 

 

n3n3 pef f (ɗ)2 

M2  = 
i   d 

ɟV (ɗ)3 
(6.6) 

 

 

where:  

p  11 Ϻ p12  2  2
 

pef f = cos (ɗ) + p44 sin (ɗ) (6.7) 
2 

 

In the case of tellurium  dioxide single crystal the photoelastic constants are:  p11  = 

0.0074, p12  = 0.187,  p44  = -0.17.[6].  In case of Calomel single crystal the photoelastic 

constants are: p11 = 0.551, p12 = 0.44, the value of p44 is unknown in the literature.  The 

acoustic velocity is along the < 110 > direction then ɗ = ́ /2 and pef f = 0.0555. For a 

given wavelength,  the theoretical value of M2   is given and from Eq.6.5 the RF  power 

transmitted inside Calomel single crystals could be inferred.  The phase matching con- 

dition  is obtained by changing ɗi  rotating the device and modifying the RF  frequency 

applied to obtain Bragg diǟraction.   Theoretically the phase matching condition has 

been estimated by a dedicated Python routine developed by the author, which evaluate 

the acousto-optic properties  for four diǟerent wavelengths and a given electrode size 

and RF  power applied.  The RF  frequency and ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ shown in Fig.6.4 

were estimated for an RF  power of 0.5 W  an electrode with  dimension of 5.0 mm × 

5.0 mm, and an interval of ɗi  between 0 and /́4. 
 

 

 
 

Figure  6.4:   RF   frequency to satisfy  the phase matching condition  for ÄÉǟÅrent  wavelengths 
versus incident internal angle (left)  and ÔÈÅ ÄÉǟraction ÅǣÃÉÅÎÃÙ D.E. versus incident internal 
angle (r ight). 

 
 
The RF  frequency is limited  by the centre frequency of the tr ansducer,  therefore the 
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wavelength has to be choose accordingly with  the available interval of ɗi   determined 

by the geometry of the cell. 
 
 
 
 
 
 

6.9 Experimental  Results of the Acousto-Optic  test  
 
 
 

The AO  cell used to measure the ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ has the following dimensions: 

5.0 mm [110]  × 10.0  mm [11̄0]  × 10.0  mm [001]  (Fig.6.5) and the maximum external 

ɗi  is approximately equal to 25Ǔ. 
 

 

 
 

Figure 6.5:  Test  device built  to measure the acoustic transmission  (a), and the cel l design.(b) 
 
 
 

The RF  frequency needed to satisfy the phase matching condition has been recorded 

equal to 33 MHz  for an approximate input  angle ɗi  ḗ 11 Ǔ internal,  and a ÄÉǟÒÁÃÔÉÏÎ 

ÅǣÃÉÅÎÃÙ equal to 50% using Leans Bond F65 and equal to 55% using Lens Bond RD3- 

74,  which is lower by approximately 5% - 10% compared to the prediction due to the 

presence of the glue layer. 

The performances achieved with  the bonded Calomel cell are ÓÔÒÏÎÇÌÙ ÁǟÅÃÔÅÄ by the 

glue layer, which is also confirmed by the pulse-echo results with an RF  power of about 

0.5 W and ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ equal to 8%. The excitation of the correct acoustic mode 

has been verified by the Schaefer-Bergmann pattern obtained at 632.8 nm (Fig.6.6) 

The bright dots visible in Fig.6.6 are due to the constructive interference of spurious 

acoustic waves for the applied dri ve frequency; the slowness  curve of the slow shear 

is visible in the SB  pattern confirming the excitation of the correct mode inside the 

Calomel crystal. 
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Figure 6.6:  Schaefer-Bergmann  pattern obtained by the slow shear. 
 

 

6.10    Bonding  Trial  results  
 
 

The results obtained from the ÄÉǟÅÒÅnt glue bonding TeO2  over TeO2  show relative good 

acoustic coupling between the two samples, confirmed by the pulse-echo and acousto- 

optic tests.   $ÉǟÅÒÅnt results have been obtained when bonding the TeO2   substrate 

to the Calomel crystal,  because no echo has been detected from the second interface 

(Calomel/air)  using all the three ÄÉǟÅÒent glues identified.  The acousto-optic test shows 

that some degree of acoustic coupling is achieved only with  Araldite 2020, perhaps due 

to the presence of free-mercury  release at the surface by the activator (Fig.6.7). 

 

 
 
Figure 6.7:  The Åǟect of the activator used with Araldite 2020 on Calomel  cel l after t = 0 [s] 
(a),  20 [s] (b),  40 [s] (c),  after ful l curing 48 hours (d) 
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The  free mercury is confined inside the bond layer creating a transition  from TeO2 

to Calomel,  Araldite 2020  has been used to build the first  prototype of the Calomel 

AOTF; the results reported in the next section. 

Unfort unately,  the experimental results cannot be easily compared against the model 

prediction because the  current development of the  bonding process does not  show 

good repeatability.  This is due to the ÄÉǣÃÕÌÔÉÅÓ of obtaining repeatable thickness and 

identical chemical composition of the adhesive layer,  hence the acoustic transmission 

of the bonding layer is ÄÉǣÃÕÌÔ to estimate in each case. 

In addition, the continuity of the polarization vector for the acoustic waves between the 

two materials is always satisfied for any direction of propagation in the t[110]-Z[001] 

for both crystals. 

The orientation of the acoustic substrate has to be determined in order to maximize 

the acoustic transmission for the selected direction of the acoustic wave in the AOTF. 
 

 
 
 

6.11 First  proto type of Calomel AOTF in  a non-collin ear 

configuration  

The  first  prototype of an  AOTF made of Calomel  was designed in a  non-collinear 

configuration under the parallel tangent matching condition, with  a tuning range which 

covers the wavelength range from 1 µm and 2 µm;  the wavelength range has been 

selected to cover the spectrum of the available white light  source and the available 

optical spectrum analyser range. The input  direction was equal to ɗi  = 10.13Ǔ  and the 

acoustic direction equal to ɗa  ḗ -85.0Ǔ,  the tuning relation is shown in Fig.6.8(a)  and 

the passband is shown in Fig.6.8(b). 
 

 
 

Figure 6.8:  Tuning  range of the first prototype(a) and related passband (b). 
 
 

The interaction length is determined by the electrode dimension,  which is bonded to 
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TeO2   substrate (RD3060 - in the appendix).  The bonding face of the Calomel cell is 

oriented along the [001]  axis and the acoustic wave direction  is determined by the angle 

of the prism, applying the 3ÎÅÌÌȭÓ law to the phase velocity in the two materi al.s 
 

 
 
 

 
 

Figure  6.9:  Photograph of the non-col linear  bonded cel l (a) and the diagram of the layer at 
the interfaces.(b) 

 
 
 
 

In order to maximize the transmission of acoustic waves from TeO2   in to the Calomel, 

the acoustic direction inside the substrate has been selected along the [110], where the 

phase velocity reaches a minimum; the angle between the transducer and the bonding 

face in the TeO2   substrate is equal to 8.36Ǔ   in order to launch acoustic wave in the 

desired direction inside the calomel crystal.  The angle is easily determined by: 
 

 

sin(ɗi ) 
= 

sin(ɗr ) 
 

(6.8) 
V ɉɡi ) V ɉɡr ) 

 

 

with  ɡi  and ɡr   are measured from the perpendicular to the surface, ɗi   and ɗr   are 

relative to the crystallographic orientation using Fig.6.10 as reference. 

The theoretical transmission coÅǣÃÉÅnt in case of direct contact between Calomel and 

Tellurium  Dioxide is equal to 83%, due to the acoustic impedance mismatch determined 

by the direction selected in TeO2.  It  was selected a propagation direction along the 

110, where the acoustic walk-Ïǟ is zero, and the acoustic direction in the Calomel cell 

is the same.  In reality the presence of the bonding layer will  ÁǟÅÃÔ the transmission 

coÅǣÃÉÅnt increasing the RF  power versus ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎcy,  leading to a reduced 

acoustic power inside the calomel cell. 



95  
 
 

 
 

Figure  6.10:   Reference  angles used to predict the acoustic  direction  of transmitted acoustic 
waves applying the SnelÌȭÓ  law. 

 

6.12    Experimental  result s 
 
 

Two AOTFs  with  the configuration described in the previous section have been built 

and tested using Araldite 2020 as bonding materi al.  The TeO2   prism has been bonded 

to the face C  (refer to appendix) and the acoustic direction is equal to ɗa  = -85.0 Ǔ. 
 

 
 

Figure 6.11:  Schematic of the non col linear AOTF made of Calomel, where the acoustic field 
is shown in each parts of the device. 

 

 

The  transducer has been matched to a centre frequency of 49.2 MHz,  which corre- 

sponds to 1550 nm; the ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ of the first  device is equal to 10% for an 
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RF  power of 1.843 W,  the second device showed a ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ of about 40% 

for an RF  power equal to 1.8 W. 
 
 
 

 
 

Figure  6.12:  Experimental  results obtained with the TeO2  substrate bonded on the face ȱDȱ 
(a)and on the face ȱ#ȱ (b). 

 

 
 
 

The AOTF cell has been configured in such way, that the Face ȱDȱ, opposite to trans- 

ducer,  could be bonded with  the same prism and have the acoustic wave propagating 

along the [110]  direction; under this condition the phase matching is achieved at 68 

MHz for a wavelength equal to 632.8 nm, where the ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ was measured 

at 10 % for an RF  power equal to 0.3 W. 

The theoretical tuning relation shows good agreement with  the results obtained from 

the preliminary  test of the first  prototype, but the ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ measured could 

not be compared with  the theoretical model due to the presence of the glue layer and 

the unknown values of p44, which was set to zero.  The transmission coÅǣÃÉÅnt at the 

interface can be estimated by bonding the substrate to the opposite face, the acoustic 

direction  is then along the [110]  axis, hence the ÅǟÅÃÔÉve photoelastic constant is defined 

by Eq.6.7.   Then the RF  power versus ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ can be predicted and the 

coupling coÅǣÃÉÅnt between the two material can be inferred. 

The measured ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ was in the range between 1% - 3% at 1550 nm with 

f  = 60.31 MHz and P = 2 [W],  therefore the coupling coÅǣÃÉÅnt has been inferred to 

be between 7 dB and 10 dB. 
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6.13    AOTF design Optim izati on 
 
 

In the literature  this material is well characterized and several papers have been pub- 

lished about its use in acousto-optic modulators (AOMs)  due its high Acousto-Optic 

figure of merit  compared to TeO2   with  the longitudinal mode. In the case of acousto- 

optic devices exploiting the slow shear interaction for an arbitrary  acoustic propagation 

direction  in the t[110] -Z[001] plane, the ÅǟÅÃÔÉve photoelastic  coÅǣÃÉÅnt is a linear sum 

of various tensor components,  but it  is not possible to optimize the design because one 

value of the photoelastic constants (p44) is currently  unknown. 

Calomel single crystal is characterized by a modest figure of merit  and limited  birefrin - 

gence for the wavelength range of interest, which limit  the performance for wavelengths 

above 5 µm.  A comparison  between the ÄÉǟÅÒÅnt M2  of several AO  material useful for 

AO  application are reported by Gupta et al. [39]  and shows the limitation  of Calomel as 

AO  material for Infra-Red application; in addition the AOTF performance is strongly 

dependent on the values of p44, which is unknown. 

The non-collinear configuration  shows its limitation  for wavelength above 4.5 µm due 

to the limited  birefringence, where the usable interval of ɗi    is limited  by the values 

of M2   and the extension of the tuning range is determined by maximum frequency 

(Fig.6.13). 
 

 
 

Figure 6.13:  RF  Frequency versus ɗi  for the wavelength range between 4.5µm  and 10 µm for 
the OE+ (a) and EO+ (b) where the octave region is shown by shaded region 

. 
 

The octave was shown in Fig.6.13 by the dotted area,  therefore  it  is not possible to 

cover the whole range from 4.5 µm to 10 µm with  a single device with  an octave of tun- 

ing span, in addition the ultrasonic transducer  does not work ÅǣÃÉÅntly  for frequencies 

below 15 MHz.   In conclusion the additional constraint are added to ɗi , which should 

be greater than 10.0 Ǔ, achieved at the expense of the ÅǣÃÉÅÎÃÙ of the AO  interactions. 

This increases the RF  power consumption, assuming a conventional bonding technique 

is used and p44  equal to zero. 
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The  RF  power versus peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ can be reduced by maximizing the 

ratio  La /H
1. In case of a non-collinear configuration the minimum ratio required to not 

exceed 5 W is theoretically estimated to be equal to 20, with  the help of a dedicated 

routine design developed in Python.   In practice due to material size limitation  the 

maximum ratio is below 2.5 leading to non-ÅǣÃÉÅnt devices (Fig.6.14). 

 

 
 

Figure  6.14:  RF  power for peak ÄÉǟraction  ÅǣÃÉÅÎÃÙ  with ÄÉǟÅrent dimensional  ratio of the 
transducer. 

 
 

The ÅǟÅÃÔ of p44  on the AOTFȭs performance has not been considered in the previous 

analysis, in order to complete the feasibility study and optimize the AOTF design to 

maximize the performance the values of all the photoelastic constant should be known. 

The next section is dedicated to the missing photoelastic constant p44 , where its ÅǟÅÃÔ 

on the AOTF performance is theoretically estimated and an experiment is proposed to 

measure the value of p44. 
 

 
 
 

6.14    The Quasi-Col li near   configuration  
 
 

The non-collinear configuration is often used for a non-coherent source or in imaging 

system,  the limited  interaction length limits  the ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ achievable due 

to the practical limit  imposed by the RF  power.  The RF  power consumption could 

be reduced maximizing the ratio  La/H  obtained with  the quasi-collinear configuration; 

this type of AO  interaction requires a well collimated source with  ÄÉǟÒÁÃÔÉÏÎ limited 

output, such as obtained from a supercontinuum source. 
 

1 It  is reminded to the reader La  is the interaction length, determined by the length of the electrode, 
and H is the height of the electrode. 
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The optimal configuration of the acousto-optic interaction is investigated by a dedi- 

cated routine developed in Matlab, which estimates ɗi  for any direction of ɗa  and the 

relative RF  frequency required to satisfy the phase matching condition and M2   for 

three ÄÉǟÅÒÅnt value of p44 . 
 

 
 

Figure  6.15:   Relation  between ɗi  and ɗa (a).    $ÉǟÅrent  values of  M2   using  ÄÉǟÅrent  values 
for  the missing  photoelastic constants  p44 (b).   Internal  separation angle versus  ɗin (c).   RF 
frequency to achieve phase-matching condition  for ÄÉǟÅrent incident angles(d). 

 

 

The acousto-optic figure of merit  (M2 ) is ÁǟÅÃÔÅÄ by the value of p44, an improvement 

of M2  is obtained independently  of the p44  sign for ɗi  < 28 Ǔ, as shown in Fig.6.15(b) 

and in addition  the RF  frequency to achieve phase matching condition is above 25 

MHz for ɚ = 10 µm, where conventional transducers work more ÅǣÃÉÅntly,  leading to 

an optimal configuration for the AO  cell independently  of the value of p44 . 

 
 

 

6.15    Calomel QC-AOTF 
 
 

A  first  prototype was designed with  ɗa  = -96 Ǔ , ɗi  = 43.84 Ǔ, H = 3.0 [mm],  La   = 21 

[mm], and p44  = 0; the predicted performance is shown in Fig.6.16. 

The ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ is theoretically predicted with  no attenuation intr oduced at 

the interface between TeO2   and Hg2Cl2  as shown in Fig.6.16(e).  A  TeO2   prism was 

designed to maximize the acoustic transmission  between the two materials, not taking 

into account the ÅǟÅÃÔ ÏÆ the bonding layer. The transducer face, perpendicular to ɗa 

has been tilted  by angle of 5.0Ǔ  in order to use a TeO2   prism to avoid residual acoustic 

waves reflected backward creating standing waves, therefore a conventional TeO2   shim 

with  parallel faces should be avoided because the reflected acoustic wave will  then be 
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Figure  6.16:   Acoustic  velocity  direction  versus  ɚ to achieve phase matching(a).   ɗd  versus 
wavelength (b).    Separation  angle between the 0th  and  1st  order  (c).    Tuning  relation  (d). 
$Éǟraction  %ǣÃÉÅÎÃÙ  (DE)  versus RF  power (e).  Passband versus wavelength (f ). 

 

 
 
 
 
 

back-reflected the transducer with  the same problem of a resonant AOTF. The angle 

of the prism have been estimated applying the 3ÎÅÌÌȭÓ law, with  ɗa (I N ) = 85.0Ǔ  (V  = 

634.38 [m/s])  in TeO2   and ɗa(OU T ) = 67.1Ǔ  (V  = 529 [m/s]);  ɗt  is defined by the AO 

cell configuration and ɗin  is determined solving by: 

 
 

ɗin = arcsin 

( 
VT eO2 

VH g2 C l2 

) 

sin ɗt 
 

(6.9) 

 

 

using Fig.6.17 as reference. 

The AO cell has been configured with  parallel faces between ȭ#ȭ  and ȭ$ȭ faces (Fig.6.17(a), 

therefore the AOTF could be configured as a resonance  or conventional AOTF.  The 

conventional AOTF is realized adding acoustic dumping to ȭ$ȭ  face, otherwise  if the 

former face is left polished with  an interface between air/ solid, then the acoustic wave 

is reflected back on the same creating a resonant cavity. 

The resonance frequencies are ÄÉǣÃÕlt  to be recorded due to the presence of the glue 

layer,  which does not give a significant feedback signal at the transducer level,  there- 

fore resonant frequencies are ÄÉǣÃÕÌÔ to track; in theory the ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ should 

increase significantly  when the resonant frequency is selected.  The thermal gradients 

are significant due to the RF  power level needed to achieve a reasonable ÄÉǟÒÁÃÔÉÏÎ 

ÅǣÃÉÅÎÃÙ (> 50% for polarized light). 
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Figure 6.17:  Quasi-col linear  Calomel cel l, top and lateral view(a), where the acoustic ×ÁÌËȾÏǟ 
is marked by the shaded areas.  Direction  of the phase velocity inside the TeO2  substrate and 

Calomel  cel l(b). 



102  
 

 

6.16    Calomel AOTF devices 
 
 

AOTFs  realised in Calomel and other crystals, which cannot be put in contact with 

non-noble metals, require particular  attention in the design process of the housing, in 

order to remove the heat generated by acoustic waves. Temperature stabilization can 

be achieved by two ÄÉǟÅÒÅnt means: one is using double Peltier  heat pump glued to the 

top and bottom faces, or using water cooling.  The AO  cell would be mounted on Pyrex 

glass in order to protect the cell and at the same time to improve the heat transfer to 

the metal base, a schematic of the AOTF is shown in Fig.6.18 
 

 
 

Figure 6.18:  Proposed AOTF assembly to protect the Calomel single crystal from the cel l base 
made of aluminium al loy. 

 

 

The cell base is typically made of aluminium alloy,  which cannot be used in contact 

with  Calomel crystal.  The glass mount can be easily fixed using Cyanoacrylate glues. 

If the solution using the Peltier is implemented then the two heat pumps can be bonded 

directly  to the glass on the top and the bottom of the cell base. 

The performance will  be strongly dependent on the values of the missing photoelastic 

constant (p44 ), the direct measurement is ÁǟÅÃÔÅÄ by the glue layer transmission coef- 

ficient,  which is unknown.  The ÅǟÅÃÔ of ÄÉǟÅÒÅnt values of p44  is theoretically studied 

in the next section and a technique to measure its value is proposed. 
 

 
 
 

6.17    The ÅǟÅÃÔ on the AOTF perf ormance  of p44 
 

 

The ÅǟÅÃÔ of p44  has not been considered in the previous section,  because no value is 

reported in the literature  to the knowledge of the author in literature.  One of the ÄÉǣ- 
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culties in estimating p44  is caused by the necessity of developing non standard bonding 

processes, where the acoustic transmission coÅǣÃÉÅnt of the bonding layer can not be 

estimated theoretically with  ÓÕǣÃÉÅnt accuracy. 

The AOTF performance can be estimated for ÄÉǟÅÒÅnt values of p44 , which only ÁǟÅÃÔÓ 

the RF  power versus ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉency.  The peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ is estimated 

theoretically for three ÄÉǟÅÒÅnt values of p44 = [Ϻ0.5, 0.0, 0.5] (Fig.6.19), as it  is possible 

to notice that the sign and the magnitude of p44 significantly  ÁǟÅÃÔÓ the performance.  If 

the unknown photoelastic constant has a negative sign, the RF  power increases rapidly  

to an impractical level. 
 

 

 
 

Figure  6.19:   RF   power for  peak ÄÉǟraction  ÅǣÃÉÅÎÃÙ  (PDE) versus  wavelength for  three 
ÄÉǟÅrent  values of  p44(left) .   Acousto-Optic  figure of  merit  versus  wavelength for  the three 

ÄÉǟÅrent values (r ight). 
 
 
 

The estimation of p44  for Calomel is of major importance; a solution is proposed and 

theoretically could be extended to any other AO  materials  where a non-standard bond- 

ing technique is used.  The methods described here allow one to eliminate uncertainties 

in acoustic coupling which would otherwise make this method indirect  and hence inac- 

curate. The acoustic impedance mismatch between Hg2 Cl2  and TeO2  can be estimated 

theoretically by assuming direct contact between the two crystals, consequently  for 

a given direction of the acoustic wave inside calomel,  it  is possible to determine the 

best orientation of the tellurium  dioxide substrate.  The acoustic impedance is defined 

as Z (ɗa ) = ɟV (ɗa),  in case of TeO2   the acoustic velocity is estimated from Eq.3.30 

substituting V110   = 616 m/s  and V001   = 2104 m/s  and the density (ɟ)  is equal to 

5990 Kg/m 3[17].   The reflection coÅǣÃÉÅnt of the acoustic wave tr avelling from TeO2 

to Hg2 Cl2   is determined by [17]: 
 

 

T = 
ZT eO2   
Ϻ ZH g2 C l2 

ZT eO2   
+ ZH g2 C l2 

 

(6.10) 
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where the acoustic impedance of each material depends on the direction of propagation 

of the acoustic wave, the general solution is shown in Fig.6.1(b),  assuming the config- 

uration in Fig.6.1(a).The maximum transmission coÅǣÃÉÅnt achievable is equal to 90% 

not considering the ÅǟÅÃÔ of the bonding layer. 
 

 
 
 
 

6.18    Evaluation  of phot oelastic  constants  
 

 
The photoelastic constants can be estimated by the ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ (ɖ) versus RF 

power applied to the ultrasonic transducer estimated by Eq.4.9, and reported below: 
 

 
 

ɖ = sin2
 

ã 
M2La P 

2ɚH 
 
where La  is the interaction length and H is the height of the acoustic field.  The values 

of M2   (Eq.4.11)  for a given wavelength,  RF  power,  and H/L a   ratio  can be obtained 

experimentally from Eq.4.9, hence the value of pef f (Eq.4.30) is theoretically estimated. 
 
 

 

 
 

Figure 6.20:  The  estimated value of p44  versus the glue attenuation (a) and the value of p2
 

versus p44  for Calomel  and the value for TeO2. 
 

 
 

The missing photoelastic constant can be inferred  by solving Eq.6.5 to estimate M2 

 
2H ɚ2  

2
 

M2  = 
L  P ́ 2  

arcsin (ɖ) (6.11)
 

 

 

then pef f is obtained solving Eq.4.11 
 

 
 

ã 
ɟV (ɗa )3 

pef f = 
n3

 
3  

M2  (6.12) 
i (ɗi )nd (ɗd) 
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and p44  is equal to  
 

p44  = 

 
pef f Ϻ p

ǋ
 

 
sin(ɗa ) cos(ɗd ) 

 
 

(6.13) 
cos(ɗa ) sin(ɗd ) 

 

using Eq.4.30.  A possible value of p44  can be estimated from the measurement on the 

first  prototype of the AOTF made of Calomel with  ɗa  = -85.0  [deg],  ɗi  = 15.13  [deg], 

where the glue layer attenuation and the acoustic impedance mismatch theoretically 

reduce the acoustic power between 0 dB 20 dB. The ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ is considered 

fixed to 40 % for 1.8 W applied to the transducer in order to obtain comparable results. 

If a variation of the attenuation is intr oduced by the glue layer in the model then the 

acoustic power inside the AO  cell is reduced and the ÅǣÃÉÅÎÃÙ of the AO  interaction 

increases  because D.E. level is achieved for lower acoustic power inside the AO  cell, 

hence the pef f increases as shown in Fig.6.20(a). 

The experimental results of the first  prototype with  a bonded transducer to the ȭ$ȭ 

face shows that the attenuation of the acoustic wave is about 6 dB,  when crossing the 

interface between TeO2   and Hg2 Cl2;  if it  is assumed the same property are applied to 

the bond layer to the ȭ#ȭ  face, then the ÅǟÅÃÔÉve power inside the Calomel cell is equal 

to 0.6 [W]  for a RF  power level of 1.8 W giving a ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ of 40 % at ɚ = 

1.550 µm , and H/L  = 0.625.  The inferred pef f = 0.010 from the experimental results 

and consequently  p44  = -1.6 (Fig.6.20(b)).  The negative value of p44  is ÁǟÅÃÔÉÎÇ nega- 

ti vely the achievable performance in the long wavelength region (ɚ > 4.5 µm) as shown 

in Fig.6.19.  The bond layer properties have been assumed the same, in reality the glue 

layer properties are strongly dependent on the bonding process, chemical composition 

, and environment ÅǟÅÃÔÓ,  therefore repeatable results are not achieved at the current 

stage of development. 

Due to the unknown transmission  coÅǣÃÉÅnt of the adhesive layer between TeO2   and 

Hg2Cl2, it  is not possible to directly  estimate p44 , but the missing photoelastic constant 

can be estimated using a specially designed acoustic coupling prism with  two transduc- 

ers at  ÄÉǟÅÒÅnt orientations, allowing exclusion from the measurements  the coupling 

coÅǣÃÉÅnt between this prism and the Hg2Cl2  crystal. 

 
 
 

 

6.19    The AO  interac ti on 
 

 
The acousto-optic interaction has been theoretically estimated for two ÄÉǟÅÒÅnt acous- 

tic directions.   The acoustic wave directions have been selected to achieve the phase 

matching condition for a given direction  of electromagnetic radiation.  In the first  inter- 

action the acoustic wave propagates along the <110> and the transmission coÅǣÃÉÅnt 

is estimated from the diǟraction ÅǣÃÉÅÎÃÙ for a given RF  power at a fixed wavelength, 
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because ɗa  = /́2 and pef f = (p11 Ϻ p12 )/2. 

The second AO  interaction is obtained for an acoustic wave propagating along a ÄÉǟÅÒ- 

ent direction, in order to maximize the acceptance angle, the phase matching condition 

between the acoustic wave and incoming electromagnetic radiations has been config- 

ured to satisfy the parallel tangent matching condition (Eq.4.6);  the geometry of the 

AO  interaction is shown in Fig.6.21, and estimated theoretically by a dedicated routine 

developed in Python. 

The orientation of the transducers on the TeO2  prism is determined applying the 3ÎÅÌÌȭÓ 

Law, at the interface Fig.6.22(a): 
 

 

sin ɡi 

VT eO2 
(ɗi ) 

sin ɡt 
= 

VH g2 C L2 
(ɗt ) 

 

(6.14) 

 

 

where ɗi  and ɗt  are the directions relatively to crystallographic orientation of the inci- 

dent and transmitted elastic waves, and ɡi and ɡt are the directions to the normal of 

the interface. The solution of Eq.6.14 is found numerically, because the phase velocity 

change with  direction inside the crystal due the anisotropic nature of the materials. 

Due to the anisotropy of the material the walk-Ïǟ of the acoustic waves has been eval- 

uated in order to determine the direction  of the acoustic energy, in order to finalize the 

practical design. 
 

 
 

Figure 6.21:  K-space  diagram for the AO interactions  with ɗa1  = /́2  and ɗa2  arbitrary 
 
 
 
 

 

6.20    Calomel cell  configurat ion  
 
 

The orientation of the input face is designed to satisfy the parallel tangent matching 

condition for a given direction of the acoustic wave (Ϻɗa2 ), and the second transducer 
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is oriented along <110> direction to estimate the coupling coÅǣÃÉÅnt. 

The two AO  interactions are configured in order to have the same input  direction, but 

the RF  frequency required to satisfy the phase matching condition should be the same 

in both case to have similar  acoustic wavelength at the interface between TeO2   prism 

and the Calomel cell.  For this reason it  is advisable to use two ÄÉǟÅÒÅnt wavelengths, 

because the phase matching condition in case of ɗa1 is achieved for a RF frequency below 

10 MHz,  where the ultrasonic transducer made of LiNbO3  does not work ÅǣÃÉÅntly. 

A  particular case is proposed for illustrati ve purposes where the AO  cell had been 
 
 
 
 

 
 

Figure  6.22:   Schematic  of  acoustic  transmission  between two material(a),  configuration of 
the AO cel l made of Hg2 Cl2   bonded with a TeO2 substrate(b). 

 

 
 
 
 

configured with  an acoustic direction ɗa2  = -80.5Ǔ  and an input  face of ɗi  = 20.0Ǔ  under 

parallel tangent matching conditi on.  The expected RF  frequency in the anisotropic AO 

interaction is approximately equal to 77 MHz for ɚ = 2000 nm for ɗa  = -80.5Ǔ.  For the 

acoustic wave propagating along <110> (for  ɗa  = - 90Ǔ)  the expected RF  frequency 

is too low for ɚ = 2000 nm,  therefore another wavelength equal to ɚ = 632.8  nm has 

been chosen, where the theoretical RF  frequency is equal to 29 MHz. 

The bonding face of Calomel is parallel along the <001> direction  and the prism has the 

following propagation direction ɗa1  = -74.74Ǔ  and ɗa2  = -90Ǔ  from the optical axis and 

the angle between the T2 plane and bonding face of Calomel is 15.26Ǔ . The direction  of 

the first  transducer has been configured  between parallel faces, therefore two possible 

measurements can be carried over to increase the accuracy of the measurement of the 

transmission  coÅǣÃÉÅnt: one is using a pulse-echoes technique, and one is evaluating 

the ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ for a given RF  power at a specific wavelength. 
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Figure  6.23:  Tuning  relation between the acoustic field from transducer T1,  where the phase 
matching is  satisfied  under  the paral lel tangent matching condition,   and  the acoustic  field 
from transducer T2. 

 

 

6.21    Experimental  setup and theoretical  perf ormance 
 
 
The ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ versus RF power for a given wavelength is measured by means 

of a standard laser line test, which consists of a laser source, RF  synthesizer, RF  power 

meter, and lock-in amplifier. The AOTF is aligned in order to achieve peak ÄÉǟÒÁÃÔÉÏÎ 

ÅǣÃÉÅÎÃÙ for both wavelengths using the lock-in amplifier  with  a sensor mounted on 

an integrating sphere (Fig.6.24). 

The available source are an He-Ne laser at 632.8 nm and diode laser at 2000 nm, both 

vertically  polarized corresponding to ordinary  ray in the Hg2Cl2.  A  dichroic mirror  is 

used to superimpose both lasers onto the same path,so  they enter the Hg2 Cl2   crystal 

at the same point and at the same ɗi .  Due to the high refractive index and the ab- 

sence of chromatic compensation at the output face, which is left parallel to the input 

face,  the ÄÉǟÅÒÅnt wavelengths exit at ÄÉǟÅÒÅnt angles thus it  is possible to separate 

them spatially.   After  the alignment is optimized,  the RF  power for peak ÄÉǟÒÁÃÔÉÏÎ 

ÅǣÃÉÅÎÃÙ will  be recorded by relative measurement.  Assuming a ratio  La/H equal to 2 

then the ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ versus RF  power is evaluated by Eq.4.9, for the first AO 

interaction the RF  power for peak ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉÅÎÃÙ is estimated to be about 0.190 

W.  A  margin of approximately 30% should be allowed due to the theoretical acoustic 

impedance mismatch between Hg2Cl2 and TeO2   for the selected acoustic direction dis- 

regarding losses intr oduced  by the glue layer.  From the value recorded the ÅǟÅÃÔ of the 

glue layer may be estimated.   From the second tr ansducer,  the ÔÈÅÏÒÅÔÉÃÁÌ ÄÉǟÒÁÃÔÉÏÎ 
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Figure 6.24:  Laser  line test setup to measure ÄÉǟraction ÅǣÃÉÅÎÃÙ  versus RF  power. 
 
 
 
 
 
 
 
 
 
 
 
 
 

ÅǣÃÉÅÎÃÙ versus RF  power is estimated from Eq.4.9 with  an allowance of 14% in prac- 

tice due to acoustic impedance mismatch.   The exact value of coupling coÅǣÃÉÅnt is 

obtained from the measurement taken from the first  transducer.  Therefore the missing 

photoelastic constant (p44 ) may be estimated using Eq.4.9 - Eq.8.10. 

The method described would allow the determination of the missing photoelastic con- 

stant of Calomel.  The solution proposed allows the removal of the uncertainty due to 

the transmission of the glue layer,  which is ÁǟÅÃÔÅÄ by the thickness and its physical 

properties. Two experiments are planned to determine the accuracy of this method. 

The first  one will  be used to measure the actual coupling coÅǣÃÉÅnt between the Hg2Cl2 

cell and the substrate, and the second one will  be to measure the values the missing 

photoelastic constant in Hg2Cl2. The method described cancels out the unknown glue 

coupling coÅǣÃÉÅnt.  It  is envisaged that this method can be used as a general method to 

estimate the value of the photoelastic  tensor components of new and ÄÉǣÃÕÌÔ materials 

where one has to rely on an acoustic connection of unknown transmissivity  between the 

test material and the acoustic transducer, and where transducer bonding techniques 

commonly used in the acousto-optics industry  cannot be applied because of mechanical 

and/or  chemical incompatibility. 
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6.22    Conclusion  
 
 

A feasibility study of AOTFs using Calomel single crystals to extend the tunable range 

up to 10 µm  was undertaken.   There are several challenges to overcome in order to 

realise an ÅǣÃÉÅnt device which can be used in the system under development in the 

MINERVA project.  From the theoretical point of view the value of M2  in case of the 

slow shear interaction is lower than that  of Tellurium  Dioxide, and the limited  bire- 

fri ngence, combined with  long wavelength create design problems. 

The limited  birefringence leads to a low RF  frequency reducing the wavelength range 

covered by a single device.  A  solution may be to increase ɗi  at the expense of the M2 

increasing the RF  power versus ÄÉǟÒÁÃÔÉÏÎ Åǣciency. 

The limitation  for wavelength above 3 µm has been described in the previous chapter, 

extending the wavelength range up to 10 µm  leads to impractically high RF  power 

required to achieve a suitable ÄÉǟÒÁÃÔÉÏÎ ÅǣÃÉency, leading to strong thermal gradients. 

These limitations,  as explained in the chapter,  are mainly due to the chemical and 

physical properties of Calomel  single crystal,  since a  conventional ÅǣÃÉÅnt bonding 

technique cannot be used.  A  solution has been devised where the conventional bond- 

ing technique and subsequent transducer reduction to the correct thickness is realised 

on a ÂÕǟÅÒ substrate of choice, where this process is well known.  The material of choice 

for the substrate has been found to be Tellurium  Dioxide, since it  belongs to the same 

crystal class maintaining the continuity of the eigenvector  between the two media, in 

addition the acoustic impedance between the two materials maximizing the acoustic 

tr ansmission.  The TeO2   substrate with  the ultrasonic transducer is bonded to the AO 

crystal by means of organic glue.  The preliminary  results shows agreement with  the 

theoretical model developed, but the bonding technique is still  in an early stage and 

the results obtained are not repeatable. 

The  first  AOTF prototype configured in parallel tangent matching condition shows 

good agreement for the tuning relation but the RF  power versus ÄÉǟÒaction ÅǣÃÉÅÎÃÙ 

was low due mainly to the presence of the glue layer.  The non-collinear AOTF was not 

tested before the end of the research period due to a commercial pressure. 

In conclusion also if all the engineering challenge would be solved,  the performance of 

the AOTF are limited  by the AO  properties  of the Calomel Crystal.   If the bonding 

technique is impr oved a resonant configuration may help to reduce the RF  power con- 

sumption, but the longer wavelength is about 8µm, above requires the use of a ÄÉǟÅÒÅnt 

ultrasonic transducer.   The Calomel single crystal is an Acousto-Optic  material with 

good performance using longitudinal  wave [2]-[38].  In AO  devices exploiting the slow 

shear interaction, the performance in Calomel is limited by the low value of M2 , which 

in turn  appears to be limited  by an ȱunfortunaÔÅȱ value of p44 coÅǣÃient. 
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Chapter  7 
 

 
 
 
 

Dual Polarization  imaging  AOTF 
 

 
 
 
 

Imaging AOTFs are designed to satisfy the parallel tangent matching condition, where 

the AO  interaction is optimized for one input  polarization.  In a conventional imaging 

AOTF, if the input  is un-polarized broad band light then two orders are obtained as 

output.   The source of the two orders is simply due to the phase matching condition 

satisfied for both polarization states, conventionally  the two orders are defined as +1st 

for the vertical polarization input  and -1st for the horizontal input  defined by the acous- 

tic directi on.  The spectral composition of the centre wavelength for a given frequency 

is ÄÉǟÅÒÅnt for each ÄÉǟÒÁÃÔÅÄ order, which can be estimated theoretically by solving 

the AO  interaction for a given ɗi  for each input  polarization.  The k-space diagram for 

this particular case is shown in 7.1. 

 

 
 

Figure 7.1:  K-space  diagram for the dual polarization solution. 
 
 

It  is well-known that the parallel tangent matching condition is simultaneously satis- 

fied for both polarization for ɗa  = -71.123Ǔ  and consequently  ɗi  = 55.574Ǔ  as shown in 

Fig.7.2. 
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Figure  7.2:  Relation  between ɗa  and ɗi  for the two type of AO interaction under the paral lel 

tangent matching conditions  (right)  and ÄÉǟÅrence  the between the two types of AO interac- 
tions versus ɗi  (left)  

 

 
This AO  interaction has an inherently  high frequency in the visible range, hence the 

acoustic attenuation restricts the aperture for practical devices.   This  limitation can 

be overcome by selecting a wavelength range above about 2 µm.  The acoustic walk-Ïǟ 

and the angle of the input  face leads to a cell of large dimensions, where most of the 

material is not used (Fig.7.3),  leading to a device that is wasteful of material and in- 

herently  expensive from the manufacturing and material point of view. 
 

 

 
 

Figure 7.3:  Proposed dual polarization AOTF design, where a ȱdead-zoneȱ is marked and the 
actual interaction length is shown in red. 




