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Abstract

The designandapplication of high performance Acousto-Optic Tunable Filters (AOTFs)
is the topic of this thesis. The most common material commercially usedto build
AOTFs is Tellurium Dioxide becauseof its extended wavelength rangefrom 380 nm up
4.5 um, a good acousto-optic figure of merit, and the availability in crystal of large di-
mension with good optical quality. The performance of an AOTF can be summarized
by passbandversuswavelength, RF power to achieve peak A E & O ARBAE AhdA U
tuning range. One of the most relevant parameterswhich limits AOTF performance
is the RF power versusA E & O AAaEE), Wwhich increaseswith 2. A practical limi -
tation has beenimposedto 50mW /mm2 , above theselevel thermal gradient A& AA OO
the performance. This level is easyreached for conventional AOTF for wavelength
above 2.5 um. The reduction of RF power requirement is achievedby meansof acous
tic resonant cavities. The theoretical development and subsequent design ofthe first
resonant AOTF developedinside Gooch and Housego iscarried 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 pm using A E & i &dustooptic materials with limited
performance with conventional configuration. Crystal quartz is investigatedto extend
the wawvelengthrange 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 acousticattenuation. The
experimental results show good agreement with the predicted performances, leadingto
a large aperture AOTFoperating between 180 nm and 380 nm with RF power for peak
A E & O ARG AbleldB W. This is the first time that a resonant imaging AOTF
made of crystal quartz is reported in literature, to the best of the authors knowledge.
Calomel single crystal is investigatedto realisean AOTF operating between4.5 um
and 10 um. Due to its physical properties which are incompatible with conventional
manufacturing processesA E & it dllenges (sih 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 acoustooptic tunable filters, a
fact that doesnot seemto have beenwidely appreciated, and which cannot solved
by just pecializethe design. From the application point of view an optical spectrum
analyserbasedon AOTFtechnology is investigated, where a dual polarization AOTF
is developed in order to realize a spectrometer with a competiti ve price operating in the
wavelengthrangebetween 2.5 pm and 4.5 um. The A & A &f @©acousticattenuation
on a large aperture AOTF is investigated theoretically and experimentally since the
performance is A & A Ai©tRelUV rangeleadingto non-ideal operating condition, and
a solution is proposedto overcome this issue The results obtained will allow the design
of high performance AOTFs in the industrial environment leadingto a new types of
deviceswith enhanced performance.
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Chapter 1

Int roducti on

The study and development of Acousto-Optics (AO) devicesstarted several decades
ago and their prevalent application was in laserssystemsto perform A E & rt GpAr-
ations such: Q-switching in laser, light modulation, mode locking, pulse picking and
several other applications. It is possible to classifyAO devicesby the typesof AO in-
teraction, which are identified by the acousticmode selected and by the characteristic
of the material.

Acoustic field 1% order

/

Ultrasonic transducer

0™ order

Figure 1.1: Amusto-Optic device.

Acousto-Optic devicesare realized by bonding an ultrasonic transducer to an AO mate-
rial, the former generates acousticwaveswhen an RF signalis applied. The ultrasonic
transducerwhen excited with an RF signal will generateacoustic waves propagating
inside the crystal generatinga travelling grating.

The acousic optic interaction could be studied by consideringthe strain generated
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For short wavelengths below 380 nm, crystal quartz and KDP [3] may be used, both
crystals have challengeswhich are required to be solved before being able to build
AOTF.The crystal hassmall M, leadingto elevated RF power versusA E & OARBPE T 1
ciency. KDP crystals have a modestM, but physical properties requires development

of specialprocessesfor polishing and bonding.

1.3 Acousto-Optic devices: Overview

There are several acousto-optic devicescommercially available, which are usedfor dif-
ferent applications. A short list of the most commonAQO devicesis reported below.

E Acousto-optic modulators (AOM) are used to control and modulate the in-
tensity of light at high frequency. The modulation frequencyis up to 70 MHz
and can have a rise time aslow as4 ns.

E Acousto-optic beam deflectors allow an accuratespatial control of an optical
beam, where the deflection angleis dependent to the RF frequency applied.

E An acousto-optic frequency shifter (AOFS)increase or reduce the frequency
of the optical beamdue to the Doppler shift. The sign of the frequency shift is
determined by the phasematching condition Eql.1

F An acousto-optic mode locker is a modulator usedinside the laser cavity to
actively control the loss andinduce a fixed-phaserelationship betweenmultiple
longitudinal modesof the lasercavity.

E An acousto-optic Q-swit ch (AOQS) is placedinside a laser cavity to control
the amount of light circulating inside the resonator. An AOQSin turned on
A E & Oligi&t Oud of the optical beam path within the cavity, increasinglosses
and reducing the Q-factor in order to build up the population inversionin the
gain medium. When the acoustooptic Q-switch is turned T athe losses within
the cavity are reducedvery quickly, increasingthe Q-factor and allows rapid

amplification to createa very high intensity, short pulse.

E An acousto-optic tunable filter (AOTF)where the RF drive frequency deter-
mine the center wavelength of the narrow passbandchanges.Thesedevices have
the capability of fast random accesdunable filters






5
1.4 Design procedure and industrial process to develop

AOTF

The AOTF prototype development was dictated by the hosting company which is
Gooch & HousegolLtd. Wherethe manufacturing processis done on site. The first
stepis a feasibility study and optimization in order to determine the bestperformance
achievable minimizing the crystal dimension. The feasibility study is carried over by
A E & vk @edignroutines developed by the author in Matlab and reported in the ap-
pendix, which givesthe information required to designthe AO cell and the predicted
performances.The AO cell is processedin production after three technical drawings
are prepared and the Bill Of Materials with the described processis prepared and ap-
proved by the A E & it @rdamanager. Job cardsare prepared and addedto the queue.
The processis described in details in appendix D.

1.5 Motivation of the study on high performance AOTFs.

The performance of an AOTF could be definedas acoustic power required to achieve
peak A E d@ctibn A &incy. One of the limitations is dictated by the availability of a
tunable RF sources which is able to deliver power level above 50 W. Acoustic waves
in the crystal are attenuated generatingthermal gradient inside the AO material [6],
A &cting the performances and in somecasedamagingirre versibly the device.

High performance AOTFs can be built by careful design of the acoustooptic inter-
action, which is done by mathematical modelsintroducedin designroutines. Several
designrouti neswere prepared by the author to predict the AOTF performances and
to comparethe experimental results againstthe predicted performance.

The practical limitation applied on TeQ, is 25 mW/mm?2 of RF power, above this
the performance of the AOTFis A & A AaDdishA E & At@pre@ict with mathematical
models. This limit is easily reached for wavelengthabove 2 um in the caseof imaging
AOTF,in order to extend the rangein the Infra-red (IR) up to edgeof the transmis-
sion range, a special device was investigated working with acoustic resonant cavities
(Chapter 5).

One of the reasonto investigate the enhancemaent achieved by the acoustic resonant
cavities, wasthe development of an AOTFworking up to 10 um well above the trans-
mission range of TeO,. In literature are reported A E & i Oivkfringent materials which
can be useto realize AOTFs,such asMercurous halide [7], singlecrystal tellurium [4].
Calomelsinglecrystal wasinvestigatedin order to extend the operational wavelength



rangeof AOTFs up to 10 um to develop an AOTFfor a systemunder development in
the MINER\A project FR7 (Chapter 6), with somepromising results.

Crystal Quartz is an AO material typically usedin high optical power application such
asthe AO Q-switch, where the AO interaction is peciali by the longitudinal acoustic
mode. This AO material can also be used for the slow shearinteraction therefore an
AOTFcan be built filtering wavelengths in the UV rangedown to 180nm. In the liter -
ature, other AO materials have beenreported that can be usedin similar wavelength
range, such as KDP, which hasa better M, compared to Crystal Quartz. KDP crystal
requires special process during the polishing and bonding processesdue to its physi-
cal properties. Crystal Quartz was nvestigatedto realise AOTFfor UV applications,
becauseall the processesinvolving the crystal quartz are well established in Gooch &
HousegoLtd., in order to improve the performance an AOTFin resonant configuration
has beendesigned and built and experimental results are reported in chapter ?72.

1.6 Thesis structure

Approaching the study of acousto-optic is quite challenging becausethe AO interaction
relies on the interaction of the acousticfield with the optical field. The author decided

to follow the step of [6] introducingfirst the optical properties of the crystals (chapter

2) and then the acousticwave in anisotropic materials (chapter 3). The theory of the
AO interaction is introducedin chapter 4. The study of the resonant AOTF made
of TeO, is reported in chapter 5. The study carried over for the AOTF basedon
Calomelis reported in chapter 6, extending the wavelengthrange above 4.5 um. The
Quartz AOTFhasbeeninvestigated in chapter ??2 A special caseof an imaging AOTF
designed to work with dual polarization AOTFis reported in chapter 7. The A & Adh O
acousticattenuation in very large aperture AOTFs hasbeeninvestigatedin chapter 8.



Chapter 2

Optical properties of anisotropic

crystals for Acousto-Optic appli cations

2.1 Intr oduction

Acousto-Optic (AO) devicesrely on the interaction between acousticand incident elec
tromagnetic waves,the optical properties of AO materials are summarized in this chap-
ter; the acousticwave properties in AO crystals are thetopic of chapter 2.

The choice of the AO medium is dictated by the transmission range and by the AO
properties, such as the acousb-optic figure of merit (M,), birefringence, and other
physical and manufacturing agpects. An analysisis necessaryto verify that all the
agpectsrequired to build a functional devicesare satisfied.

The wawvelength range studied starts from deep-UV up to Long Wave Infra-Red (LWIR)
up to 10um, therefore A E & it dakerials are required to cover this range. In practice
three A E & ik Ovikrvals can be identified [6]:

F 180 nm < &< 450 nm: Crystal Quartz [32] and KDP[Em]
F 450 nm < @< 4500 nm: Tellurium Dioxide (TeG,) [422]

E o> 4500 nm: Mercuroushalidesand SingleCrystal Tellurium [32m]

The transmission windows of Quartz and KDP extend well above 450 nm but the
poor acousto-optic figure of merit comparedto tellurium dioxide limits the use only
in the UV range [3], where the transmission of other AO materials is not A & AnE. A
The samelimit is applied to the IR material such mercurous halide (e.g. mercurous



chloride transmits from 450 nm up to 20 um) and singlecrystal tellurium (3.5 um z 36
pm). Hencefor the wavelengthrangebetween 450 nm and 4.5 pm Tellurium Dioxide
is the common material of choiceto build AOTF due to its high AO figure of merit
and availability of crystal of large dimension with good optical quality; in addition the
manufacturing processis well established in Gooch and HousegolLtd. (UK).

The next section is dedicatedto the optical properties of the crystals listed above,
where the data available in literature are examinedto identify the best data setto be
introduced in the developed designroutine.

2.2 Optical properties of Acousto-Optic crystals

The wavelength dependency of the refractive index can be described empirically by the
Sellmeier equationor in somecaseby curve fitting of experimental data.

The acoustooptic crystals investigated are all positive uniaxial birefringent crystals,
which are characterized by two refractive indexes surfacesidentified by the polarization
state. The ordinary and extraordinary refractive index surfacesare related by the
vertical and horizontal polarizations, respectively.

In non optical active material the refractive index surfacesfor birefringe nt materials
are definedfor the ordinary polarization as a sphereof radius no and by an ellipsoid

rotated about the optical axis with the minor axis equalto no along Z and the major
axis perpendicularto Z equalto ng. The values of the refractive index in a plane
rotated about the Z axis for the ordinary refractiveindex is defined by:

Ny (& ) = no () (2.1)
and for the refractiveindex of the extraordinary ray is:

o ) = 8o
N (8) sin“(d) + ng(8)2 co(d)

(2.2)

where ng is the extraordinary refractive index for perpendicular propagationdirection
to the optical axis. The refractiveindex surfacesin the k-spacediagram are shown in
Fig.(2.1(a)) in absenceof optical activity.

The refractive indexesof Crystal Quartz, Tellurium Dioxide (TeO,), and Calomelare
studied in the wavelengthrange of interest for the AO applications of interest.



2.3 Optical activity in crystals

Among the AO crystals examined tellurium dioxide and crystal quartz are alsocharac
terized by optical activity. If the optical activity is introduced then the two surfacesare
separated by a quantity U at the optical axis, which A & A h&dbape of the refractive
index surfaces.

r]o rlE

(b)

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

The magnitude of U is wavelength dependent becausethe optical activity is related
to the optical rotatory power, which is dispersive with wavelength. The A & Aok tBe
optical rotatory power is to rotate the polarization of plane wave propagating alongthe
optical axis. This A & Anagbeenstudied for long time and in literature are reported
the valuesfor A E & & Oplical active crystals[8][9][10] and it is usedto realize rotators.
In geneal, the rotatory power is defined by } [deg/mm] and its signis defined by the
handiness of the crystal. In this thesisthe sign convention usedis described by Nye [8],
where for left handed quartz the rotatory poweris considered negative, and for right
handedquartz is positive.

The handiness will A & AdkI{the rotation direction, and hasto be taken in account
for deviceswith input direction closeto the optical axis (such as acoustooptic pecial
tor), in other AO devicesthe handiness is relevant only during the orientation of the
crystal, becausewe deliberately chooseto operate away from the optic axisto keepthe
eigenstatesof polarization approximately linear.

The perturbation (0) of the refractive index surfaces along the optical axis for an arbi-

trary wavelengthis defined by: _
Mg i1 Q (2.3)

u=
2



where 3 j T fe aEtiity tensor alongthe optical axis. A simplified model is intr oduced
by Xu and Stroud [6] where U is a constant deformation of the refractive index surfaces
only at the optical axis, henceboth surfaces become ellipses and the new ordinary and
extraordinary index surfaces are defined by:

= n3(1 z U
() = "2 (1 z U2sin(d) + n2 coZ(d) @4
ne(d) = & no (1 + U)ng 2.5)

n2(1 + U)2 sin*(d) + nZ cog(d)

with U definedin Eq2.3. This approximation is only applicable for small angle of
propagation from Z axis; if extendedto the whole plane this model leadsto a wrong
estimation of the optical activity magnitude, becausethe perturbation of the refractive
index surfacesis still present for propagation far from the optical axis and disappear
only for direction perpendicularto the optical axis, this model is also reported by
Simonset al.[11], where the polarization of the light travel unchanged only for direction
perpendicular to the optical axis. The perturbation createdby optical activity in an

x10"
—:n
oz~ = [ ——n.(&
‘‘‘‘‘‘‘‘ i -=-=n_ with OA
RN ~—-n, (&) with OA |

n”*(8)-n_(0)

[001]

~
An,.(8) =
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1)

Figure 2.2: Refractive index surfaces of the extraordinary and ordinary polarizations with
optical activity, dotted line, and without optical activity, solid line (left). $ E éerdke of the
refractive indexesdue to the optical activity (right).

Ideal crystal applyingthe model described by Xu and Stroud [6] is shown in Fig.2.2(a),
asexpectedthe A & AdktBe optical activity disappears only at a direction perpendicular
to the optical axis (Fig.2.2(b)). Experimentally it hasbeen seenthat the optical activity
A & A Bef@e negligible after a critical angle, which is material dependent, hencethe
previous model shows its limited validity for direction far from the optical axis.

Nye [8] describes the optical activity A & A fofed arbitrary propagation direction from
the optical axis introducingthe gyration tensors (G)[8] for two directions one parallel
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and one perpendicular to the optical axis. This model allowsto extend the validity of
the optical activity A & Aféx @y propagationdirection, becausethe gyration scalaris
defined as:

G = g li; (2.6)

where g; are the components of the gyration tensor, and |; and I; are the cosine
direction. The rotatory power is equalto:
"G

} = = (2.7)

— n__ . o . .
where n = NyNg standsfor the geometric meanrefractive index. The optical activity
is introduced usingthe activity tensor 3 in [6], whichis related to the gyration tensors

by:
3ijj = nian (2.8)

The components of the gyration tensor depends on the crystal symmetry and in case
of tetragonal and trigonal crystals isrepresented in matrix notation as:

0 O
. gn 0 O -
gj =0 0 g 0 O (2.9
0 O 03

therefore introducingEq.2.9in to Eq.2.3using Eg.2.8and Eq.2.6then

., Qucosd+ gszsin®d
U(d) = ore (2.10)

then for a propagation angle perpendicularto the optical axis (d = ij the optical
activity createsa perturbation proportional to U = g;4/( 2n2), and for a propagation
direction parallel to the optical axis becomesl = gs3/( 2n?).

The optical activity is introducedto investigate the A E & i @sdect related to the

AO material usedsuch as handiness and birefringence and its magnitude for A E & it O A
materialsis reported in the next section.

2.4 Optical Properties of Crystal Quartz

The refractiveindexesof crystal quartz is reported by Ghosh[12] and extensive study
has beendoneto fully characterizethe wavelengthdependency of the material. The
dispersion of the refractive index is described by the Sellmeier equationwith two oscil



lators: a
n= A

Bat Det
+ +
*7C &zE
where a-in micrometer and the constant valuesfor both polarizations are reported
in Tab.A.1. The ordinary and extraordinary refractive indexesof 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

(2.11)

17 ; , . ; ; 0.015
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Figure 2.3: Refractive index of ordinary, solid line, and extraordinary ray, dotted line, for
the wavelengthrange of interest (left). Birefringence versuswavelength (ri ght).

Undergoes to a rotation while propagating inside the crystal, and the perturbation of
the refractiveindex surfaceis described in the next section.

2.4.1 Optical Activity in Crystal Quartz

The gyration tensors for crystal quartz arereported in literature for =510 nm by Nye
[8] and areequalto g;; =Y 5.82x10" ® and g5z = +12.96%10" °, where the right-handed
quartz is for the upper sign and the left-handed quartzis the lower sign. The value
of U is estimatedintroducing Eq.2.10for a given wavelength. The dispersive nature of
the gyration tensor hasbeeninvestigatedby Arteaga[13]:

_ A&
gi = (#7 B2)? (2.12)
with a-expressedin meter and the constants A; and B; reported in Tab.2.1 for a

wavelengthrange between 200 nm and 800nm. Fom the valuesof g; obtained from
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gi | Handiness A B;

Ou11 LH 27.7E-3+ 1.7E3 | 105.6%5.7

Ou11 RH -298E-3+ 1.5E3 | 91.1+42

033 LH -60.9E-3+ 0.2E3 | 97.54+0.05

033 RH 60.4E-3+ 0.5E3 | 97.33+0.05

Table 2.1: Constantsfor the dispersion equation of the gyration componentsin crystal quartz.

2.12is possible to estimatethe rotatory power of crystal quartz for an electromagnetic
wave propagating along the optical axis introducing Eq.2.12into Eq.2.8 obtaining:

= 9
1(® = n (2.13)
which has been comparedwith the valuesreported by Bagan et al[9]. The rotary
power has been measuredfor a wavelength range between0.408 um and 1.565um

propagatingalongthe optical axis and a best-fit relation is reported:
1(= a +ae B +ad % +ae o (2.14)

where a; = 1.65569432, a, = 1104.28722386, a; = 0.09862624, a, = 181.71620197, as
= 0.05857032, ag = 88.56794745, a; = 0.35912872.
There are no valuesreported for the other gyration tensor g;; for a broad wavelength
range, but only for &= 510 nm, which is confirmed by [13]. The validity of the results
reported by Arteaga et al. [13] and by Baganet al. [9] in the wavelength rangewithin
200 nm and 800 nm is shown in Fig.2.4(a), and the related error with the Baganvalues
is shown Fig.2.4(b).
The best-fit curve accuracydrops for wavelengths below 400 nm, and cannotbe usedin
caseof AOTFdesign. An anglewhere the optical activity is absent couldbe determined
from Eq2.10, solving

f(d) = gy, cogd + gz sin?d (2.15)

in the wavelength rangefrom 200 nm up to 800 nm the critical anglewhere the optical
activity is zerochangeswith wavelengthasshown in Fig.2.5.

In conclusiontwo A E & ik setfof valueshas beenfound in literature, for &> 400nm
both setsare in good agreement with the experimental results. For &< 400nm only
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Figure 2.4: Optical activity versuswavelengthusing Arteaga and Cornu formula(a). Error
betweenthe two models (b).

the valuesreported in [13] seems to give a better estimation of the optical activity in
crystal quartz.
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Figure 2.5: Variati on of the criti cal angle with wavelength.

2.5 Tellurium Dioxide

Tellurium Dioxide hasa transmission range from 380 nm to 4.5um. In the literature are
reported A E & ik @llies of the refractive indexesobtained from experimental results,
Uchida [14] measured the refractive indexes for the wavelength rangeup to 1 um using
the 3 A1 1 | fArEdaOndtrOtwo oscillators. In order to extend the refractive index
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valuesto the whole transmissionrange of TeO,, new values have been searchedin
literature. Berny et al.[15] published a later study onrefractive index of TeO, extending
the measurement up to 4.5 um, and proposing the following dispersion formula:

a

n= A+

MD&? (2.16)

B
¢z C
wherethe constant are reportedin Tab.A.2and in Tab.A3 for the ordinary and ex-
traordinary refractiveindex, and a4s expressedin micrometers .

A later study has beenreported by Georgievet al. [16], where a fitting to improve

the accuracyof the available data from 2 um up to 4um hasbeenproposed using the
following equation: =

A C
n= 1+ .
F7 B? MGZZDZ (2.17)
where a-is expressedin micrometers and the constant valuesof the ordinary and ex-

traordinary polarization are reported in Tab.A.2and in Tab.A.3, respectively.
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Figure 2.6: Changeof refractive index with wavelength using the dispersion equationsreported
in literature for ordinary (top) and extraordinary (bottom) refractive indexes.

The A E & it Gigbersion formulas had been compared to highlight any disconti nuity and
discrepancy. The dispersion equations for the refractive indexes show similar trend but
their validity rangesare extendedup to A E & it Wadelengths. A discontinuity in the
vicinity of 4.5um using Eq.2.17is visible, therefore particular attention hasto be paid
when in the AOTFdesign process.The changeof birefringence with wavelength shown
in Fig.2.7 highlight the limitation of the Sellmeierequation from [REFL] - [RER] -
[REF3], leadingto a discrepancy between the theoretical and experimental results on
the tuning curve of AOTFs.

The A E & i disBersion formula have beenintroducedon the AOTF designroutines
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Develop, and the prediction have beencomparedto the experimental results obtained
from commercial and prototype devicesbuilt in G&H.

2.5.1 Optical Activity in TeO,

Tellurium Dioxide (TeO,) is an optical active crystal characterizedby strong optical
rotatory power. The optical activity along the optical axis has beeninvestigated by
Bagan et al. [9] and its wavelength dependency[degm m] is defined by a best-fit
equation:

[

]
(8 = 43.2 17.7

F 7 0.08099716 | SRz 0.04293184

(1.008 7 0.03728)' * (2.18)

with a-expressed in micrometer and valid in the wavelength range between408 nm
and 1.565 um. The value of the gyration tensor g3 could be estimatedfrom Eq2.18.
The other components of the gyration tensor (g,1) 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 A E & it Wadelengths is reported. Due
to the high birefringence of the material the accuracyachieved is quite low for this
component of the gyration tensor.

In caseof TeO, experimental results obtained from AOTFtesting show that in practice
the A & Aok tbe optical activity becomenegligible when the propagation direction of
the electro magneticwave is above 10%from the optical axis.

In conclusion, the optical activity of Tellurium Dioxide (TeQ, ) requires further research
adivity, although the high birefringence limits the accuracyachievable 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,
becausethe presence of the gyration tensor (g;;) meansthat 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 asCalomelsingle crystal, hasan extended transmission
range from 450 nm to 20 um and it has beenselectedhas a candidateto develop AO
devicesfor wawvelengths> 4.5 um, under the MINER\A Project, which is an EU



framework 7 project®. The dispersion formulasof the refractive indexesare obtained
from an internal document releasedby BBT,whichis a crystal growth company part of
the consortium of MINERMA pecialized on growing Calomelcrystals with good optical
quality.

The valuesreported by BBT allow to calculatethe changeof the refractive index values
with wavelengthusing a polynomial fitting from experimental data:

N = 1898+15x10"2E2 +37 x 10" ‘E4, + (2.19)
+7 % 107 °ES, + 4> 10 'ES, +5x 10" 8ELY
Ne= 2444 +387 101 2E2 + 173 < 10 °E4, + (2.20)

+4.5 % 10" °ES; +3.46 < 10' °ES, +3x 10' "EX
with the photon energyE,, [eV] defined by:
Eph = - (2.21)
where h is the PlancE 8 dOnstant, ¢ is the speedof light and a-is the wavelengthin

the vacuum. The transmission rangefor Calomelis up to 20um and the changeof the
refractiveindex is shown in Fig.2.8.
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Figure 2.8: Refractive index valuesvs. wavelength for Calomel Single crydal

The accuracyof theseequation has not beenverified experimentally dueto the lack of
suitable equipment in G&H, but from AO experiments it is shown a good agreement
with the valuesobtained from Eq.2.19 Eq2.20.

1htt p://mi_nerva-project.eu/
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2.7 Condusions

The refractive index values and related birefringence of A E & it &CA materials have
beenreported. In caseof crystal quartz the refractive index is well characterizedin

UV and visible region and for AO applications the wavelengthinterval of interest is
between 200 nm and 450 nm. The refractive indexesof tellurium dioxide (TeG,) has
been measuredfor a~< 1pm by Uchida [14], and A E & i dsfersion equationshave
beenfound in the literature for 1 um < &< 4.5 um. The accuracyof the refractive
index valuesis relevant on the performance predictions of AOTFs, and it will AZ AA O
the designroutines.

Tellurium dioxide and crystal quartz are optically active, and the introduction of optical
activity inside AO interaction physicsis 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 A E & it O A
model has been introduced, which extendsits validity to any direction in the AO
plane. Crystal quartz is fully characterizedand the values of both gyration tensors

are reported; in caseof TeG, only onevalue of the gyration tensor has beenfound in
literature and it is proposed a possiblevaluesfor the other gyration tensor (gs3) by
Kaminsky [10].
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Chapter 3

Acoustic waves in anisotropic material

The fundamental equationsto described the acoustic wavesproperties in anisotropic
crystals are reported with particular attention to the phasevelocity and acousticwalk-
| &or 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 acousticwavesin anisotropic materials are
introduced this chapter, where the phasevelocities and related acousticmodes are ob-
tained from the solution of # E O E O&pjiafioA 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 axesinside the crystals.

The point group restriction is obtained from the symmetry point diagramand reducing
the complexity of # E OE ODN @ A Ogéllitibnd Dhe AO materials examinedlisted
belongeither to tetragonal or trigonal crystal symmetry, thus no other crystal symme-
tries are examinedin this thesis.

The point diagram symmetry for the trigonal class32 is shown in Fig.3.1(a), where
there are three axesof two-fold symmetry (1200apart) and one axis of three-fold sym-
metry perpendicular to the former. The axesin the plane perpendicular to the optical
axis are separated by 30Y%as shown in Fig.3.2, for examplerotating clockwise the plane



Figure 3.1: Point diagram symmetry for crystal class32 (left) and 422(right)

of 30Yabout 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 A & A A th&syngnetry
of the phasevelocity in anisotropic material thus particular attention is required when
orienting the crystal, becausethe positive directions of axesneedto be identified cor-
rectly inside the crystals.

Y

/

6,/ QQO

Figure 3.2: Axes orientation and position in a perpendicular plane

Crystal Quartz and singlecrystal Tellurium belongto this crystal class.

The tetragonal crystals 422 is shown in Fig.3.1, and the axesare perpendicular to each
others due to the higher symmetry of the materials; from the acoustic point of view
the direction of the axesare interchangeableleadingto a great simplification in the
crystal alignment process.TeO, and Calomelsingle crystal belong to this crystal class.

3.2 Acoustic wave in anisotropic material

The analytical solution of acousticphasevelocity has beeninvestigatedin order to cre-
ate mathematical model which could be implemented easily inside computer routines
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to be usedin the designprocessof prototype and commercial devices.

The first step isto study the phasevelocity of each acousticmodein the three dimen-
sional spaceand on the specific plane of interest for the AO interaction by meansof
routines developed in Matlab and Python.

A
(=)
o
=
L
Re.\.
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i, QS
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Figure 3.3: Reference anglesand displacement of A E @ acoustic modes.

In genreral, the phasevelocity of elasticwaves for an arbitrary direction is estimatedby
solvingthe # E O E OdnliafioA[R]:

[3; M Vi;]v; =0

(3.1)
3ij = likCkily

where § is the density of the material, V is the phasevelocity, and v; = Qu/Ct,where
u is the particle displacement vector, and [l ] is equalto

(] [
Ik 0 0 0 I, |
_H N
lik] =00 I, O I, 0 Ix[O (3.2
0 Ol I I, O
where
I, = coqt)sin(d) (3.3)
l, = sin(t)sin(d) (3.4)

| = cogd) (3.5)



where d is evaluated from [001] direction, and t is evaluated from [100] direction
(Fig.3.3)

(1] = [iK]" (3.6)

and [ck, ] is the elasticO O E & mdrix@lefined in compactform described by:

Ci1 Ci2 Ci3 Cis4 Cis Cis
H Ci2 C2 Ca3 Cz4 Cps5 Cop
(k] = Ci3 C3 C33 Cg4 C35 Cgp H
Ci4 C24 Cg3 Ca4 Ca5 Cae
ﬁ Ci5 C5 C35 C3a Cs5 Cse %
Cie C6 C36 Ca6 Cse Ces

which is simplified by the point group restriction dictated by the crystal symmetry.
The phasevelocity and its polarization are determined by the eigenvalues and eigen-
vectors obtained from the solution of Eq3.1. Only a maximum of three eigenvectors
are obtainedin anisotropic crystal identified by the eigenvector direction. The longitu-
dinal mode (L) hasthe particle displacement alongthe propagationdirection, and the
slow-shear (SS) and fast-shear(FS) modeshave the particle displacement transversal
to the propagationdirection.(Fig.3.3).

In generalthe phasevelocities in solidsis obtained by the eigenvalues of Eq3.1

(3.8)

gl

where a-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 specificcrystal classintroducing point groupssymmetry, in particular the
trigonal (32 ,3m,§n) is examinedto study the acoustic wave propagation in Crystal

Quatz. The tetragonal class(4mm, 422, 42m 4/m mm) symmetry is applied to study
the acousticwavesin Tellurium dioxide and Cabmel.

3.2.1 Walk-I aof acoustic velocity

The acousticenergyin generalanisotropic crystals propagatesin a A E & rt dréction
to the phasevelocity, and it is theoretically estimated by the Poynting theorem [17].
This A & Aidk@own asacousticwalk-I &nd it is defined asthe normal to the tangent
of the slowness surfacefor a given direction of the acousticwave;the angleY between
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the phaseand the group velocity is defined by:

C o1 Ov(d)

with reference to Fig.3.4. The direction of the acousticenergyflow insidethe crystal

A
A
]
]
]

A

I
[

V

>

Figure 3.4: Definition of acoustic walk-I &

is an important parameterneededto completethe practical designof the AO device,
in order to avoid uncontrolled acoustic reflection inside the AO devicesA 8 AA®D&E T C
performance.

3.3 The acoustic attenuation in solids

The # E O E OdguatirAdescribed in Eq.3.1describes an ideal material without internal
energylosses.Materials of this type do not exist in nature, therefore additional term
related to the elastic damping needto be introduced, defined as acoustic attenuation.
Theseadditional terms depend on the propagation direction in anisotropic crystal, and
is expressed by the viscosity tensors(dapcq) Of the material symbolically described by
[17]; )
Beq
&

Tab = CabcdSd + dancd

(3.10)

tensor. The systemcan be described by the model, where the acousticpower is related
to an applied forceto a massattached to a spring and the acousticattenuation is the
damping.

If a propagation of a plane wave is considered, then the acousticattenuation can be



approximated by: , =
G (F, ) = 5 B )
e 2Cij (da) Cij (da)

(3.11)

where ¥ = 2" f, and the acousticphasevelocity is defined by Eq.3.8with & = ¢;; (d),
thus Eq.3.11can be written as:

2" 212 d(da)

Uf,dy) = N CAE

(3.12)

The A & Ava @sEosity is estimated solving the # E O E O éyladioh introducing the
dumping components d;; in Eq3.1. The detailed calculation is reported in appendix
E. Acoustic attenuation is important, for examplewhen estimating the performance of
an AOTFwith large aperture.

3.4 Tellurium Dioxide (TeO,)

Tellurium Dioxide belongsto the tetragonal crystal classwith four axes of two-fold

Z A 2z = A

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

crystal class: B 0
Cip Cp C O 0 O

B 11 12 13 0

Ci2 Ci1 Gz 0 0 O H
Ci3 Ci3 C O 0 O

[ =1 2 72 7 H (3.13)
o 0O O 0 cu O 0 H
0 O 0 O c4 O

O 0 O O O cg

Z A £ = A

nents, furthermore the valuesreported in [6] are taken as a reference, thus ¢;; = 5.57
x101°N/?P, ¢, = 5.12 x10'°N/n¥, ¢35 = 2.18%10°N/n?, ¢33 = 1058<101°N/n?,

Caa = 259%101°N/?, g6 = 6.5910°N/r?.

The three dimensional slownesscurveis obtainedby solving Eq.(3.1)forO<t < " and

0< d< ". The slow shear mode is shown in Fig.(3.5). The slowness curverepresenting

the fast shear modeis shown in Fig.(3.6). The longitudinal modeis shown in Fig(3.7).
Tellurium Dioxide is a piezoelectric material, therefore the acousticvelocityisA & AAOA A
by it, but the changein acousticvelocity is negligible and not considered
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Figure 3.5: Three dimensional slownesscurve of the slow shear mode
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Figure 3.6: Three dimensional slownesscurve of the fast shear mode
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Slowness Curve - Longintudinal
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0
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Figure 3.7: Three dimensional slownesscurve 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.3.5in
Eqg.3.2and in Eq3.6. The slow and fast shearmodesare degenerate and crosseach
other at certain points of the space therefore the solution of Eq.3.1with Matlab solver
doesnot keeptrack of the correct acousticmode, asshown in Fig.B.1, dueto the issue
related to the linear algebra solver describedin details in appendix B; consequently
the solution of the # E O E O Gefjuétibri cé&nBot be directly introducedin the design
routines.
An analytical expression of the phasevelocity can be easily implementedin a design
routines, for this reason Eq.(3.1) for a givendirection of acousticwavein space(x,y,z)
in TeO, can be simplified as:
U HEN (]
AM V Ch Us Vi
&% BM VY 6 OOy 0=0 (3.14)
O3 Oy c™M V Vi
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where
A = Cgq+[C11COS(H) + CogSIMP(t) MesqSin?(d) (3.15)
B = Caq+[C1iSIMF(L) + CosCOS (L) MesqSin?(d) (3.16)
C= CasSIN?(d) + czzcog(d) (3.17)
O = 3[C12 + Cog] SiN?(d) sin(2-) (3.18)
b, = slC1zsin(t) + caqcos(t )] sin(2d) (3.19)
O = Ca4 COS?(0) (3.20)

where the constants A, B, C, 4, U,, U3 have beenobtained usingthe symbolic calculus
toolbox available in Matlab, knowns as Mupad.
Acoustic velocitiesand polarization directions are evaluated from the eigenvalues and
the eigenvectors of the Eq.(B.1). The acousticvelocity in [100]-[010] is equalto:
a
Ci1+Cee = (Cro + Cgg)? SIN*(2d) + [Co + C12(1 M2 cOSd)]?
2)

Visy = (3.21)

where positive sign refers to the longitudinal acousticwave (L) and the negative sign
is the shearacousticwave (S). The fast shearacousticwave (FS) is determined by the

third eigenvector:

C
Vs = f‘ (3.22)

The acousticvelocity is shown in Fig.3.8 as a slowness curve, which is the inverseof
the acousticwave, in a polar plot.

Walk-I 8of the acoustic wave in XY plane

The wallk-I &of the acoustic wave along in the XY plane is determined by f(d) for
the shearacousticwave is equalto has beencalculated using Mupad and deriving the
analytical expression of Eq.3.9for specificplanes:

_ 4(c11 Mess)? sin®(d) cos(d) + (12 + Cee)” sin(4d)

f 3.23
@ 4 ¥(@)(Cos + 611 2} (D)) 329

and for the longitudinal acousticwave:
f(d) = 4(cyy Mege)? sin’(d) cos’(d) + (Cro + Cee)? Sin(4d) (3.24)

4 Y(d)(2) YA(d) Magg + Ca1)
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Figure 3.8: Slownesscurve of the three acoustic wavemode in TeQ, in [100]-[010] plane.

The acousticwalk-I &s shown in (Fig.3.9)

Acoustic walk-off angle - xy plane
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Figure 3.9: Aoustics walk-I dn XY plane for TeO,

This solution hasbeencompared with the resultsreported in [18]
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Acoustic Velocity along t[110] -Z[001]

The t[110]-Z[001] planeis the preferred plane for the slow shearAO interaction [6] and
it is selectedrotating 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 M, (Eq.A.3) appliedto the elasticO O E & toAstedt matrix

[N ] = [M(d)] [ck ]IMo(c] T (3.25)

z A £ = A

matrix for a rotation equalto " /4 becomes:

0
qf & ¢z 0 0 O _
¢y cf s 0 0 0K
: 0O 0 0 _-
[ci)] =1 3 C13 Ca3 | (3.26)
O 0 0 C44 0 0 '—
% 0 0 0 0 Cy4 0 [l
0O 0 0 0 0 cy
where
. Cp+cCcpp+2c
M= (3.27)
+ ¢, M2
¢, = C11 C;z Ceo (3.28)
\ c11 Mc
oLy = 11 ) 12 (3.29)

Introducing (Eq.3.26) in (EqQ.3.1), the velocity of acousticwave for a given direction of
d, which is defined from [110] direction, for the slow shearmode can be defined as:

_ CeeCOS(d) + Cassin?(d)

VZ
S }

(3.30)

The fast shear(FS) and longitudinal (L) modesare expressedby:

Cas + Cas + [CN Mcaa] cos3(d) = G
V[%-,QS] — 44" L33 [c1 ) 3] (d) 1 (3.31)




)

p = [(Cas™MR2Cyq+ cY)SiM(d) + Cag MEN]? + (Cy3 + Cag) 2SiNP(20) (3.32)

The slowness curve of the t-Z planein TeG, is shown in Fig.3.10. The inverseof the

Figure 3.10: Slownesscurve in tZ plane

acoustic wave of slow shear mode describedby Eq.3.30is a geometricalellipse in a
polar representation, where the slowest velocity is along the [110] direction and equal
and the fastestvelocity is alongthe optical axis. This planeis of primary importance
in the designof AOTF made of TeO,, becausethe AO interaction is characterized by
a high acoustooptic figure of merit (M,) dueto the extremely slow shearvelocity.

Walk-i &in t-Z plane

The acousticwalk-I &lefined by Eq.3.9 applied to the acousticmodein the t-Z plane
could be solvedby:

tanj Y=C(d) (3.33)

where f(d) is definedby the acousticmode considered and the propagation direction
defined by d. The analytical expression of f(d) is obtained by using Mupad and simpli-
fying the expression obtained. The walk-I &f the shearacousticwave is determined

by:
g Ge Lea5in(2d)
f=M—+_— 7 (3.34)
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where V (d) is the acousticphasevelocity defined in Eq3.30. The walk-I &angleof the
FS mode could be defined by:

C H -
|V|C1I\JIEO§ (d)+caasir?(d)+caql 24 VA(d) * (dﬂ Mess)sin(d)cog(d)

24 W(d)
A= ng(q'\:llj M3cCyy + C33) + C44(2 Caq I\/bTJJ) (3 36)

B = C44(2Cs4 |V|3C1'\ij Mcss) + Cﬁj(cﬁj + C33) (3.37)
C = Acogd)sin’(d) MBsin(d)cos(d) + (C13 + C44)?sin(2d)cog2d) (3.38)

f(d) = (3.35)

where V (d) is the acousticvelocity of the fast shearacousticwave. The walk-I 3of the
longitudinal acousticwaveis estimatedby:

cNkog (d)+c333ir(1:2(d)+c44i 21 \2(d) + (d}li I\/k:33)SirKd)Cqu)
24 V(d)

f(d) = (3.39)

where V (d) is the acousticvelocity of the longitudinal acousticwave where C is given
by (Eq.3.38)
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Figure 3.11: Aooustic walk-I &n tZ planefor TeO,



3.4.1 Acoustic attenuation in TeO,

The acousticattenuation in TeO, is defined by Eq3.12, where the A & Av& Gdeosity is
defined by a

d(dz) = ddsin?d, + dus cOSd, (3.40)

where dfd = 0.5(ds; M), for similarity to the structure of the elasticO O Ess ¢onstant .
The valuesof the viscosity tensor of TeO, are not reported in the literature, but the
values of the acoustic attenuation for specific orientations and modesare reported in
[19]. The attenuation for the slow shearacoustic mode along[110] direction is equal
to U= 19.8dB/cm and alongthe [001] direction is equalto U= 6.8dB/cm for a given
frequency. Introducingthe acousticattenuation valuesinside Eqg.3.11and solving for
dij (), the valuesof dyd and d,4 could be derived and introduced in Eq3.11.

« [dB/mm]

RF Frequency [MHZz] 60  -100 ]

Figure 3.12: Amustic Attenuation [dB/mm] for an arbitrary propagation (d;) and RF Fe-
quency(MH2).

3.5 Mercurous Chloride (Hg.d»)

Calomelsingle crystal belongsto the samecrystal classas TeO, therefore the theory
developed in the previous section may be applied but with A E & i @aStic constant
Crp = 1.7192%10°N/n?, c;3 = 1.563 x10'°N/n?, ¢33 = 8.037 <101°N/n?, ¢y =
0.8456 x<10°N/m?, ces = 1.225 x10°N/n?.[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 elasticO O E & toAgit into Eq.3.30- Eq3.31.
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Figure 3.13: Slownesscurvesand Amustic walk-I &n tZ plane for Calomel Single Crystal

The minimum and maximum velocities of the slow shearacoustic wavesare equal to
V: = 384 [m/s] and V, = 1084 [m/s], respectively. Calomelis characterized by large

acousticwalk-i  &with ¥max= 54.23%or d = 1552°(Fig.3.13(b)).

3.6 Crystal Quartz

Crystal Quartz belongto the trigonal class(32) and the phasevelocity is estimated by
solving Eqg.3.1applying the point group symmetry:

Cii C2 C3 Cg O
H Ci2 Cai Cz3 Mas O
Cia C3 C O 0 (3.41)
0 0 0 cCu
0 0 0 0

Ofrooro o

% Ca Mis 0 cCu 0

§L, 0o O © o ©

0
0

where ¢l = (c13 Mcy0)/2, with cgs =3.987510%° N/m 2, ¢4 = -1.79110°N/m?, cyy
= 5.79410° N/m?2, and } = 2651 kg/m3. A program has beendeveloped in Matlab
to study the acoustic wave properties of crystal quartz in A E & it pakheswhere the
acousto-optic interaction could take place. A detector of the degeneracyof the acoustic
wave mode hasbeenaddedto track the correctacoustic node.



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 selectedapplying the coordinate
transformation matrices Eq.A.1 and Eq.A.3 to Eq3.41. The slowness curves of the

Z A 2 = A

matrix in to Eq3.1.

|—Eig1 —Eig2 - - Degen 10* |—Eigt —Eig2 —Eig3 * Degen
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Figure 3.14: Amustic velocity (a) and slownesscurves (b) of acoustic wavesin the tZ plane
for crystal Quarz.

The degeneracypoints of the acousticwave were found by a dedicatedMatlab routine

and ismarked by dashedred lines in Fig.3.14(a)and by red dots in Fig.3.14(b). Similar

results were obtainedfor the slowness curve of other two planesrotated by 15%and 75Y
dueto the symmetry of crystal quartz.

The tZ plane seemeda good candidate due its low acoustic phasevelocity but the
direction of the eigenvectors(Fig.3.15) is not matched by a conventional ultrasonic
transducer, leading to an A & AnE dbupling coA & AnE etween the ultrasonic transducer
and the AO cell.

3.6.2 XZ plane

The plane XZ hasbeen investigateddue to the symmetry to the reference axesand the
degeneracyof the acousticwave limited only in two points (Fig.3.16). The degeneracy
of the slow and fast shearacousticmodesoccur for d, = 90%and d, = 2709

The eigenvector directions (Fig.3.17) are not matched by conventional ultrasonic
transducer. The anglet ,, and d,, are estimatedfrom the acoustic plane.
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Figure 3.15: Direction of the eigenwectors of the slow shear mode in TZ plane for Quanz.
L pol IS the rotation angleout of the plane and dy is the rotation angleinto the plane.
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Figure 3.16: Slownesscurve of acoustic wavein the XZplanein crystal Quartz.

A conventional ultrasonic transducer could A & AnflyAexcite a pure shear acousticwave
only for t 5o = 0%and dye = 90V

3.6.3 YZplane

The last plane investigatedis the YZ plane, due to the symmetry of the material this
plane could be selectedrotating the reference axis of -30%or 90%about the Z axis. The
phasevelocity and the slowness curve of the slow and fast shearmodesare shown in
Fig.3.18, calculatedby a dedicatedMatlab routine.

The eigenvalues of the slow and fast shearcrossin 4 points which are for d, equal to:
90.125Y 155.72% 269.87Y 335.98 and determined by the routine developed in Matlab.
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Figure 3.17: Direction of the eigenwectors of the slow shear mode in XZ plane for Quartz.
L pol IS the rotation angle out of the plane and dy is the rotation angleinto the plane.
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Figure 3.18: Slownesscurve of acoustic wavein the XZplanein crystal Quairtz.
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In order to track the correct acousticmode a simple solution is to swap the eigenvectors
in the range90.1250< d, < 155.72%and 269.78%< d, < 360° but this procedure could
lead to grosserror in the designprocedure if not applied correctly.

The eigenvector directions (Fig.3.19) are oriented perpendicular to the acousticplane
for any propagation direction of the acoustic waves, where the directiont p = 9oV
and dyq = 0Y where the switch betweenacoustic modes areshown at the points of
degereracy.

= FEig1 == 'Eig2 -*-+ Degen =——FEig1 == 'Eig2 **** Degenl
100 = 3 2 = 100 z
A : : : : '
N - :|\ - 5
80 : o - |
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Figure 3.19: Direction of the eigenectors of the slow shear mode in TZ plane for Quartz.
L pol IS the rotation angleout of the plane and dy is the rotation angleinto the plane.

In conclusion, the YZ planein crystal quartz hasthe polarization of slow shearwaves
naturally perpendicular to the plane, hencean acousticwave can be excited A g AnfiyA

using conventional transducer. The direct solution of Eg.3.1 help to track the correct
acousticmode, but the estimation of the acousticwalk-I &s cumbersome and A E &A O1 C
to introduce in the AOTFdesignroutines. After further investigation it hasbeen found

that the slownesscurve of the slow shear mode canbe 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 slicesthrough conic sections. It wasfound experimentally that
an ellipse has also provento be an excellent approximation to the appropriate slice
through the slowness curve for the slow shear mode, but this time it needsto be til ted.
We therefore find that the acousticslow-shear direction dependency in the YZ plane



of quartz is accurately described by:
V(do)? = V7 cos(da+ Uor) + V3 sin’(da+ Uor) (3.42)

whereV, = 3299.8 m/s, V, = 5100.5 m/s, and Ug = -31.6184° The values of Vy,
V, and U has been foundusing a specific Matlab routine. Fig.3.20(a) showsthe two
eigenvalues of the slow and fast shearobtained by the Matlab solver and the superim-
position from Eq3.42. The error introduced by the approximation is within the range
of +0.0005 %. The acousticwalk- &ngle (angle between phaseand group velocities)
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Figure 3.20: Approximation of the slownesscurve of crystal quartz(a) and error introduced
by the approximation (b).

is defined by Eq.3.9 and the analytical expression of the walk-I &or the slow shear
modeis obtained substituting Eq.3.42(Fig.3.21):

C - o 2 o2y D

< cos(U+ d,) sin(U+ d,)(Vs MV

Y =arctan M u va) in( a)_( A 2)
V2cog(U+d,) + V2sint(U+ dy)

(3.43)

3.7 Conclusion

In conclusionthis chapter was focusedon the properties of the acoustic waves in
anisotropic crystals. The solution of the # E O E O Gefuétibn hasbeeninvestigated
only for certain crystal classsymmetries, which belongto the AO crystal usedto build
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Figure 3.21: Amoustic walk-i &f the slow shear mode in crystal quartz.

AO devicesexploiting the slow shearinteraction such as AOTFs. The analytical solu-
tion of the three acousticmode hasbeen found in specific planes of interest for A E & it O A
materials, allowing to implement them easilyin Matlab codes to study the acousticre-
flection of the A E & ik @ddes.

Tellurium dioxide and Calomel belongto the tetragonal crystal and the properties of
the main crystal planes have beeninvesigated. The direction of the axesis inter-
changeablethank to the high degree of symmetry in the crystal class.

In caseof trigonal crystal, the positivedirections of the axeshave to be identified when
orienting the crystals, becausethe identification of the correct quadrant is relevant to
selectthe proper direction of phasevelocity and related acousticwalk-I  &pecified by
the acousto-optic interaction geometry. In chapter ?7? is described a procedure devised
by the author in order to identify the correct quadrant by mean of piezoelectric test.
This easytest allow to determine the quadrants position inside the material, which is
of major importancewhen building an AOTF
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Chapter 4

The physics of the acousto-optic

Interaction In anisotropic crystals.

An Acousto-Optic (AO) deviceis realized by bonding an ultrasonic transducerto a
suitable AO material. The incident electromagnetic radiation is A E & O AvAdD Spé:
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 transducerrelative to the crystallographic axes;the acoustic phase
velocity is propagatingin a direction as described in the previous chapter and the en-
ergy direction is estimatedfrom the acousticwalk-I & 8

The A E & & Qébmetries of the acousto-optic interaction are investigatedin this chap-
ter from a theoretical point of view, and the results are introducedin designroutines
for AOTFs.

4.1 Acousto-Optics interaction under the Bragg

condition.

% &e AriE &cousto-optic interaction is obtained when the phasematching condition be-
tweenacousticwavesand incident electromagnetic radiation is satisfiedand described



by:
kq(aF,da) = Ka(da, T) +ki(e- o) (4.1)
Ka; = W (4.2)
cam 2V 4

where ng; (& are the refractive index of the incident and deflected beam, V(d,) 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 refractiveindex are related to the vertical and horizontal polarizations, respec
tively, where the refractiveindexessurfaces are described by Eq.2.1- Eq2.2, which is
repeated again below:

No (S}Ne(3}

ne(d,® = éno(a)Zsin(d)2+ ne(8)2 cos(d)?

where n, (8 and ng(8) are the refractive indices along the direction perpendicular to
the optical axis, and d is polar anglefrom the optical axis.

The phasematching condition describedby EQ.4.1 is graphically represented in the
K-spacediagram (Fig.4.1), where k; is the incident light, kq is the first A E & O AoAdérA A
and K, is the acousticwave. In this treatment anglesare defined using the polar

t[110]

Ng Ng

Figure 4.1: K-space diagram of an AO interaction from O to E for given wavelengthin case
of Tellurium Dioxide single crygal.

definition from the optical axis, thus angle rotated clockwise are considered positive
and counter-clockwise are negatwe.
An AO interaction from ordinary to extraordinary polarization is defined as®o/ amd
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viceversa @ %Yod@fines the AO interaction from extraordinary to ordinary polarization.

From Eq.4.1it is possible to definethe tuning relation, which is the relation between

RF frequency applied to the transducer and the wavelengthof the A E & O Aol #rA
broadbandincident light.

The generalsolution of the phasematching condition is defined by applying simple

geometrical calculation in the spacediagram:

ng(d)(tan d, cosdy Msin dy) = n;(a}tan d, cosd; Msin d;) (4.4)

where ng, n;, di and dy are defined by the specific AO interaction. The relation between

RF frequency appliedto the ultrasonic transducer and the wavelength ofthe AE & OA A O A
order, is known as the tuning relation, is definedby a simple vector subtraction and
confirmed by Gas¢$21]:

a
o= V(fda) Ni(8)2+ N (8)>M2n;(8)na(d) cosdsep (4.5)

where dsep = i - dy is the separationangle, with the deflectionangle (dy) of the 1
A E & O Aokdér Abained from Eq.4.4for a givenwavelength when d;, and df, 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 devicessuch
as: resolution, field of view, RF drive power versus A E & O AAaONET Aétc ATe main
categories of AO interaction are:

F the non-collinear interaction, where the acoustic field is transverseto the
optical beam

E the collinear interaction, where the energydirection of the acousticfield is
collinear with the optical beams

$ E & At ondthematical models have been develop and introducedin routines to help
the prototyping processof new devicesand the characterization of current devices,
where two A E & i Prdgramming languageshave beenused: Matlab and Python.

4.1.1 Non-colline ar interaction

The non-collinear interaction is obtained when the acoustic field intersectsobliquely
with the incident electromagnetic radiation. This configuration is typically usedwith
an additional constraint known as the parallel tangent matching condition, which is



characterizedby a large field-of-view and is typically usedfor non coherent sources.
The parallel tangent matching condition firstly reported by Chang[22] and defined as:
C D

tandy = % tand; (4.6)

|
where the tangents to refractive index surfacesare parallel for the incoming and
A E & O Aighd, Anlis a constraint between d; and dy is set. Introducingthe condition of
Eq.4.6in to Eq.4.4it is possible to determine the input direction for an arbitrary prop-
agation of the phasevelocity of the acousticwave. The phasematching condition was
derived by author for a given d,, and the input angle ofthe electromagnetic radiation:

a0
(DE )2t d . 1 an 5
n tand Mgndi + @tan d
tand, = a

4.7)

1Mcosd, 1+ ZE tan2(

from the solution of the above equationis possible to determine d; and consequently dj
using Eq4.6, which onceintroducedin Eq.4.5allowsto determine the tuning relation
of the AO interaction for a givenwavelength. In practiced; obtainedfrom Eq.4.7varies
with the wawvelength dueto the dispersive nature of the refractive index, theoretical
investigationshows the changeon d; is limited and accentuated in the visible region as
expected. The phasematching condition problem hasbeensolved defining the acoustic
direction to determine the required variation of d; to always achieve phasematching.
The phasematching condition could also be solved by defining d; and solving Eq8.1
using condition of Eq4.6, from this solution is possibleto determinethe range of d,
where the parallel tangent matching condition is satisfiedfor 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
acousticfield is parallel to the propagation of the electromagnetic field [23][24]. Two
A E & ik @pproaches can be usedwhen studying this configuration, the first approach
is to definethe incident direction of the electromagnetic wave and the acoustic wave
direction is determined using a mathematical routine or by graphical solution. The
other approachis to define the acousticdirection, then the propagation of the incident
electromagnetic radiation is defined by [6]:

d = S’/(da) +d, (4.8)
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where ¥ is given by Eq.3.9 depending on d,. The tuning relation is estimated by
Eq.4.5, oncethe deflection angle of the first A E & O AowleD i& derived by the solution
of Eq44.

This type of AO interaction is conventionally usedto achieve long interaction length
when a narrow bandwidth filter with low RF poweris required. This configuration
particularly allows a long interaction length in an AOTF made of TeO,, becausethe
crystal naturally grows alongthe [110] direction allowing long crystal alongthe desired
direction.

4.1.3 %aAE A of AQ interactions

The A &A E Af te WO interaction is proportional to the RF power applied to the
ultrasonic transducer,when the phase matching condition is satisfied, and theoretically
it can be estimatedby [6]:
a
2 MZ I—a

=sin® — ——P .
d=sin® _ =P, (4.9)

where H is the height of the acoustic field, defined by the electrode size on the ultrasonic
transducer, L, is the interaction length, P, is the RF power, & is the wavelength of
the A E & O foilé AnBl M , is the acousto-optic figure of merit. The RF power for
Peak$ E & O A% ® K E KPDE)Jor a given wavelength is estimatedtheoretically by

solving Eq.4.9for d = 1:
H ¢

2L M,

PrpE = (4.10)

The RF power for PDE depends on &, and it is inversely proportional to the acousto-
optic figure of merit

v, = TEEPEn

} \(d)®

where pess is the A & Ava @hBtoelastic constant, V (d) is the phasevelocity of the

acousticwave, } is the density and n;4 are the refractiveindices of the incident and

s = N s o~ oA A ar

(4.11)

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

The A & AvA ghétoelasticconstant is obtained from tensorial equation, therefore it is
related to the geometry of the AO interaction. A generalexpression of the pess was
determined in order to maximizethe M »,.



4.1.4 Determination of the A & A A @tiotddlastic constant

The A & Avapb&ioelasticconstant is defined as [6]:

[ 1]
Perr = €MV [P;5][S ] (4.12)

where P;; is the photoelastictensor, which is material dependent, S; is the strain
tensorrelated to the acousticwave and

= e 413

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

[ eJ(-mT 1) 0 0 0 e:ng 1) egm”-) .
&Y= o &V o |MY g M (4.14)
0 0 e(3mT 1) eng 1) eimT 1) 0

which has similar structure to lix (Eq.3.2), wherem is the numberofthe AE& OAAOQOAA
order. The generic polarization vector is defined as:

€= [cos(d) cog(* ), cog(d) sin(t), sin(d)] (4.15)

with Fig.4.2 asa reference, where the angleare measured from the X direction, in this
casethe polar angle convention is not used. The acoustic andoptical field are treated
separatelywhen solving Eq4.12.[6]
The photoelastictensor dependson the crystal classand its structure is identical to
the elastic O O E & tbndadsQvith the following condition applied to the photoelastic
constant[6]:

i = Bji

where the compact notation is introducedthanks to the crystal symmetry, which is
generally appliedto all the AO materials examined in this thesis. The A & Av& ghtoe-
lastic constant is derived for the trigonal classdue the low symmetry and the solution
obtained is applied to other classeswith higher symmetry, such astetragonaland cubic.
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Figure 4.2: Rotation anglefor reference axis.

415 %a A A (peoGollastic constant in trigonal crystal:
32,3m, 3m

The general expression of the A & Av& fhBtoelastic constant is derived for the birefrin -
gent slow shear interaction in trigonal crystals, where the AO interaction takesplacein
the Y-Z planeand the polarization of the acousticwawveis perpendicular to the former.
The photoelastic constant matrix [6] in the main reference axis X[100]-Y[010]-Z[001] is
U U

Pir P12 Pz P O O 0
Pz Pz Pz M 0 0
0

P31 P31 Pz O 0 H (4.16)

g Mar Psr 0 psys O O
0 0 0 0 0 pu O0f
0 0 0 0 0 pess

where psg = 0.5(p11 Mp12).

In order to estimate pess two A E & ik @pBroachesmay be used, oneis to rotate the
strain tensor (S;) and the optical polarization vectors(qf‘—i-"'m 1)) in the reference axis
of the photoelasticmatrix [6]; this approach requires severalrotation of the reference



axisand it is usefulto determine pess for specific case.Ultimately the results obtained
cannoteasily be extendedto a generic geometry of the AO interaction in a specific plane
and the implementation of such solutions in design routines is of A E g Aoftim@ation.
An alternative method to determine pe¢s is to align P, 5 to the acaoustic direction by
meansof the coordinate transformation matrices Eq.A.1 for this specificcase.

The photoelasticconstant matrix [P, ;] hasto be alignedto the direction of the phase
velocity obtained by applying the coordinate transformation matrix M,(*), therefore
the new photoelasticconstant matrix is estimatedby

[PHY)] = [Mx(Y)I P ITMx(¥)]” (4.17)
where My is defined by A.1 and
y =" /2Md, (4.18)

with d, measured from the optical axis. The strain components (S;) of a slow shear
wave propagatingalongthe Y direction and x-polarized is defined by:
(] o 0O 0O
S1
S2
S3
S4
S5
S6

&
I

(4.19)

- O O 0o o o

with the abbreviated subscript notation [17]. If the birefringent AO interaction from
ordinary to extraordinary polarization is conddered, then the input polarization is
perpendicular to the plane ofthe AO interaction is defined by:

€9=1[1,0,0] (4.20)

from the definition givenin Eq4.15, andis independent to the propagationdirection.
Consequatly 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 (dy), thus the polarization vector of the first order is defined by:

€ = [0,sin dy, cosdy] (4.21)
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Z [001]

Figure 4.3: Optical polarization of 0t and 1th

The expressionof ef’:‘.‘*m' o required in Eq.4.12is obtained introducing Eq4.21 and
Eqg.4.14 in to Eq.4.13:

€32 =10,0,0,0, cosdy, sin d] (4.22)

in caseof BraggA E & OA(MGA). 1
The analytical expressionof pets for an arbitrary direction of the acoustic wave is
obtainedintroducingEg.4.17and Eq.4.22in to Eqg.4.12and is defined by:

: ]
Petr =COSOy Pes COS’Y + PagSiny +sin Zypl“Tlvlp“l +

[ M 1 (4.23)
+sindy ps;coy Mpy,sin?y Msin 2y M

where the valuesof the photoelasticconstants are material dependent, and d, and dj
are defined by the AO interaction.

The expression in Eqg.4.23is valid only for the AO interaction from ordinary to ex-
traordinary, but the results obtained could be extendedfor the AO interaction from
extraordinary to ordinary. In this case theinput polarization depends on the incident
propagationd;, then Eq.4.20becomes

) = [0, sin(d}), cos(dh)] (4.24)



and Eq.4.14simplifies to:

] 0
100000
€@=Hoo0o000 10 (4.25)
000010
introducingthe above equationin to Eq4.25, which becomes:
€% =0,0,0,0, sin(c}), cos(d)] (4.26)

comparingthe above equationto Eq.4.22consequently the valuesof the A & AvAphd
toelastic constant is obtained substituting dy to d;

[ ]
Perr =C0SG; Pss COSY + PagSin?y + sin ZYF’MT'V'F’M "
[ ] (4.27)

+sind, ps;cogy Mpy,sin?y Msin ZYQMTMpGG

The generalsolutions of Eq.4.23and Eqg.4.27 have beenimplementedin the AOTF
designroutine.

4.1.6 %a A A (peoEpAlastic constant in tetragonal crystal:
4mm ,422,42m,4/m mm

Tetragonal crystals have the following photoelasticconstant matrix
O O

. P Pz Pis O O

Pz Pz Pis O O

(Pry) =7 P31 P31 Pz O O

0 0 0 pa O

m 0O 0 0 0 pu

0 0 0 0 0 Pes

0
0
0

4.28
0 (4.28)
0

o I e B N

for the reference axis X[001] - Y [010] - Z[001]. The tetragonal crystals usedin 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 photoelasticconstant matrix requires
a rotation of d = " /2 about the optical axis to align the reference axis to the AO
interaction plane using M_(d) ( Eq.A.3), andarotation equaltot about @1_0] direction
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to align alongthe acousticwave propagationusingM, (*) ( EqA.1.
The photoelasticconstant matrix in the new reference frame is determined by:

[PiY = [MyIMI[P; M, T [M,] T (4.29)

The A & Av& @hBtoelastic constant is estimated by intr oducing Eq.4.29in Eq.4.12using
Eqg.4.22 in caseof an AO interaction OE"

Peff = Paa cOSdy Sin dy Mol sin d, cosdy (4.30)

For the caseof the AO interaction EC', the A & Av& fhBtoelastic constant is obtained
from the substitution of dy with d; in Eq.4.30

Peft = Pasa cOSdy sin di Mph sin d, cosd (4.31)

where dy,d;, and dy are obtainedfrom the AO interaction configuration and

Dl = P22 I;Iplz (4.32)

The general expressionsof pess , defined in £Eq.4.23- Eq.4.27for trigonal crystalsand in

Eqg.4.30 - Eq.4.31for tetragonal crystals, are usedto estimate the acousto-optic figure
of merit (M,) for a given AO interaction.

4.2 Condusion

The geometryand the A & A E Afith& dcoustooptic interaction has beenintroduced
in this chapter and the results have beenspecialized for two A E & it @eBsof symme-
try trigonal and tetragonal. The geometryis defined by the phasematching condition
between the acousticfield and the incident electromagnetic radiation and the AO in-
teraction could be separated in two groups, quask-collinear and non-collinear, identified
by the relation between acoustic andoptical wavesdirection.

The analytical expression of the A & Av& fhBtoelastic constant wasderived for the trig -
onal crystal classonly becausethis solution canbe appliedto tetragonal crystal setting
P1a = Py = 0.

AOTFs are designedunder the parallel tangent matching condition [25] investigated
for non-collinear configuration, where the acceptanceangleis maximize. The collinear
interaction instead is obtained when the acoustic walk-i dand incident electromag-



netic radiation propagate alongthe samedirection, therefore the achievable interaction
length is maximize giving a narrow passbandand low RF power requirement to achieve
peakA E & O ABAsRREY. 1

The results obtained in this chapter areintroduced in design routines realized in Matlab
and Python for crystalline materials described in Ch2.
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Chapter 5

AOTF in the wavelength range: 380
nm - 4.5 um

5.1 Intr oduction

Acousto-Optic Tunable Filters in the wavelengthrange between380 nm and 4.5 ym
are conventionally realized using Tellurium Dioxide (TeO, ), which hasa high M, and
is available in crystals of large dimension with good quality. The configuration of
the AO interaction is dictated by specific application, definedby: wavelengthrange,
acceptanceangleas described in the previous chapter. Two A E & it Golifigurations are
typically used: the quastcollinear interaction is usedto achieve narrow passbandand
to reduce the RF power versus A E & O AMaMEE Aaxirbizing the interaction length
at the expense of the field of view; this configuration is usedfor examplein caseof line
selection applicationsand singlepoint detector systems.

The non-collinear interaction under the parallel matching condition maximisesthe
field of view at the expenseof the interaction length, which determines the relation
A @A E Adepknds on the squareof the filtered wavelengthin the first approximation,
thus a high level of RF power is required for wavelengths above 2 um. Under high RF
power operation, AO devicesare A & A A Rldvated thermal gradients altering the
operational condition such astuning curve shift, and changeson the passband.

In order to reduce the RF power for peakA E & O A A @& & E Raisdiution is proposedin
this chapter by meansof a resonant acousticcavity. The performance of conventional
AOTFs are compared to the resonant AOTFboth theoretically and experimentally.



5.2 Large aperture AOTF

Largeaperture AOTFs aretypically used astunable filters for imagingsystemsor when
a large etendueis required due to the spectral properties of the sourceor the target.
A largefield of view is achievedwhen the parallel tangent matching condition (Eq.4.6)
is applied asdescribed in Sec4.1.1.

High quality crystals with linear dimensions larger than 30 mm are A E & At® grdw
and processingsignificantly increasesthe cost of the final device. Therefore the design
processis atrade-i 3betweenspecification and cost, with the following limiting factors:

E the RF frequency rangeof the tuning relation is defined by the wavelength range
and the incident angle

Z the RF powerfor peak A E & O ARBAER Asisek ly the ratio of the electrode
sizeand filtered wavelength

E the bandpassrequired by the application, is a function of the interaction length,
and d;

E the angular separation betweenthe 0" and 15! order is related to the RF fre-
guency, wavelengthand crystal orientation

E the homogenety of the acousticpower acrossthe aperture is limited by the at-
tenuation of the acousticwave

E the AO crystal dimension should be as small as possible to achieve conpetiti ve
costsand simplify the manufacturing process.

A series of designroutines developed in Matlab and Python have beencreatedto pre-
dict and optimize the AOTFdesign.

The general solution of the AO interaction under the parallel tangent matching condi-
tion is investigatedin the next section.

5.3 Trade-I abetweenthe A E & A GpkdifiGation of an
AOTF

The trade-l & 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 acousticdirection, the interaction length, the acoustic atten-
uation and the acousto-optic figure of merit for any incident direction d; for a given

wavelength. The relation between d, and d; applying Eq.4.6is shown in Fig.5.1 for 450
nm < &< and 4.5 um examiningboth the AO interaction type, EO+and OE+.

— OE+ @ 450 nm
== EO+@450 nm
— OE+@4.5um
== EO+@45 um

Figure 5.1: Angle relation betweend; and d; under parallel tangent matching condition for

two wavelengthwith A E @r incident polarization(left) Yd, betweenthe two A E i@rk type of
AQO interactiongright) .

The acousticdirection hasto changewith d; in order to satisfyingthe phasematching
condition (Fig.5.1). The phasematching condition A & A heéAD 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 d;, where the curvescross.
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Figure 5.2: Aoustic attenuation for &= 450 nm (left) and &= 4.5 um (right).

Oncethe geometry of the AO interaction is defined, then the variation of the acousto
optic figure of merit (M,) is estimated by Eq.4.30and Eq.4.31for both type of AO



interaction respectively and shown in Fig.5.3; the RF frequencyrequired to achieve
phasematching conditions for an arbitrary direction of d; is shown Fig5.3.

In addition the acoustic attenuation depends on d; and on the 2, therefore oneshould
selecta low d;. This dependency is shown in Fig.5.2 for an arbitrary direction of d;,
which s related to dj.

The RF power for peakA E & O AMGAE Aindithe passbandis defined by the inter-
action length (L,), which depends on d, and the acousticwalk-I &s shown in Fig.54.
The trade-I &etweenthe A E & ik §pdcificationis obtained from the solution of the
AO configuration for an arbitrary d;, from the theoretical point of view the phase
matching condition is satisfied for any d; asshown Fig.5.1. FFom the practical point of
view only a limited interval can be usedto designreal devices,becauseM, decreases
with increasing d; (Fig.5.3) and the interaction length decreasewith d; increasing the
(Fig.5.1) and consequently the acoustic attenuation (Fig.5.2), therefore the intensity
of the acousticfield will be strongly dependant on the propagation distance from the
transducer.

1200

1000 Em | == EO+@4.5um }

RF Frequency [MHz]

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
0,|deg] 0;|deg]

Figure 5.3: Variation of M, with theta (left) and frequencyrange (right) to achievephase
matching condition for both type of AO interaction for the wavelengthrange of trangarency
of TeG under parallel tangent matching conditi on.

An arbitrary limit to the RF power of 5W in TeG, is assumedin order to avoid strong
temperature gradientsinsidethe AO cell. At such a level of RF power the heat gener-
ated by the acousticattenuation will A & Ati#e @ccuracyof performance predictions due
to the temperature dependency of the acoustic velocity and of the refractive indices.
In addition the lifetime of the deviceis A & A Ab fegeated temperature cycling, and

in extremecasescould leadto cracking in the AO mediumdueto the A E & A Od§ thd A
coA & Ans Af the thermal expansion; this limit is easilyreached at long wavelength (&

> 2 um), dueto the inherent elevateddrive power.

A limitation on the RF frequencyhasto be applied due to the acoustic attenuation
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and broadband maithing condition, thus a maximum and a minimum RF frequency
have beensetto between 15MHz and 150 MHz.

The low RF frequencylimits the tuning range achievable with a standard matching
network. In the caseof high frequency(f> 150 MHz), an octave is broad enoughto
easily allow broad band matching, but the bonding processrequires tight tolerance on
layer deposition.

The higher frequencies are typically related to the shorter wavelengths, where the RF
power for peakA E & O Ai&i@t€reritly low, but the acousticattenuation will dominate
the performance of the AOTF.In the caseof 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
rangedue to the absoluterangecorresponding to 1 octave.
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Figure 5.4: Interaction length variation with d; for an electrode of 1 mm (left) A E i@ne on
interaction length between450 nm and 4.5 um (right).

In conclusion, large aperture AOTFs could be subdivided in two main wavelength
ranges:one between 380nm< o< 1 um and the secondoneis between 1 um < o<
4.5um, where A E & ik @dlle-I & @re applied during the designprocess,and described
in detail in the next sections.

5.3.1 Wavelength range from UV up NIR (< 1pm)

The wavelength rangefrom 450 nm up to 1000 nm is of particular intereston A E & it O A
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



configuration, which intr oduces constraints on the choiceof d;.

The arbitrary limit ations on the maximum RF frequency and RF power introduced in
the previous section, set an interval of d;, where the trade-I &etween passand, 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 d; and
dy is given by Eq.4.6 and defines the AO interaction geometryfor a given wavelength.
If the input direction is considered between 0 and “ /2, then the acousticdirection to
achieve phase matching is given by Eq.4.4 and shown in Fig.5.1. The RF frequency

RF Frequency[MHZz]

Figure 5.5: RF FHequencyfor an arbitrary input direction under the parallel tangentmatching
condition for A E @k waveengths.

dependencyto d; and a-is definedby Eq4.5, which shows inherently high frequencies
in the wavelengthrangeup to 850 nm. If the RF frequency limit is applied then only
a smallinterval of d; between 10.0 Yand 20.0%could be selected; for d; < 10 “the RF
frequency is significantly reduced at the expensesof the wavelength rangecovered due
to the low centre frequency and the A & A &f Gpfical activity needto introduced.
Close to the optical axis the polarization state of the incident light shouldbe elliptical
in order to achievepeakA E d@ctidbn A &ilncy, and the elliptici ty of the polarization de-
pendson the wavelengths selected by the RF frequency and on the optical path inside
the AO crystal dueto the dispersive nature of the optical activity.
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The elevated RF frequency A & A théaDdousticpower acrossthe aperture. The AE 8-OA A
tion A @A E Aérdsdihe aperture is reducedin large aperture AOTF, becausethe
acousticattenuation in TeQ, increaseswith f2, giving a variation in the DE across the
aperture. Non-Collinear AOTFs are available from a number of manufacturers for the
wavelengthrange covering 450 nm and 2 um.

5.3.2 Wavelength range from 1pm to 4.5 pm

The RF power neededto achieve peak A E & O ARDAHE Asith&dietically evaluated
by Eq.(811), whichincreaseswith & and reduced by maximizing the ratio L,/H. The
dimensionof the optical face is determined by the field of view required and by the
available dimension of the crystal, therefore a trade-I &s required betweenthe field
of view and the interaction length achievable. The wavelengthregion betweenlum
and 4.5um is of particular interest for many applications and the availability of super-
conti nuum sources covering this rangeis pushingthe A & T O éxter@ the wavelength
range to the very limit of the transparency range of Tellurium Dioxide. NKT Photonics
for exampleis developinga sourcecovering the wavelengthrange above 2 pm within
the MINER\A Project (FP-7), consequently AOTFs are the typically useddue to the
fast random accesscapability and narrow bandwidth. The wavelengthrangeis char-
acterizedby elevated RF power for peak A E & O AR Ain dagskof non-collinear
interaction. Two possible solutionsto reducethe 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 anacousticresonant cavity increasing the acousticpower
available inside the AO medium. Another possible solution is to find a more suitable
material, but this task has provedvery problematic over 3 decadesof research.

The quasi-collinear configuration is typically selected for line selection application due
to its narrow passbandand low RF power, hence this configuration is particularly suit-
ablefor filtering wavelength above 2 um, the narrow field of view and A E & O Aifi@d A
beamrequirement limit the useof this configuration, when the spatial coherence of the
source is high (Beam quality as measured by M2 <1.5[29]).

The non-callinear configuration is a more suitable solution due to the large acceptance
angle, but at the expenseof a higher RF power for peak AE &8 OARABAE AndA U
broader passband 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 2um.

It is possibleto predict the RF power dependencies of the AE & OARABARE Kdr A U
a given ratio of the interaction length and optical face by using Eqg.4.9 for a specific
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Figure 5.6: $ Erdction A & A E Adr A & é@rh ratio of the electrode dimension at 4.5 um
under the parallel tangent matching condition.

wavelengthand d;, an exampleis shown in Fig5.6.

In theory the RF power required to achieve peak A E & O AR@DAER Aduld he dras-
tically reduced for a ratio of L/H above 5. This becomesimpractical for non-collinear
AOTFs due the material dimension required to realize the device;in practice the ratio
is of about 2.5 in caseof non-collinear configuration. If the practical limit to the RF
power (< 5 W), when TeQ, is used, then maximum A E & O ARDAE Akdhidvable
is about 65% for a polarizedsourcefor &= 4.5 um. The AOTF performance can be
drastically improvedwith the help of an acousticresonant cavity which increases the
available acousticpower in the AO medium.

5.4 Acoustic resonant configuration

Caoventional AOTFs have an acousticabsorber at the opposite faceto the transducer,
or for that faceto be angledto deflectthe soundout of the Bragg plane(Fig5.7(a)).
The acousticpower inside the AO medium is related to the RF power applied to the
ultrasonic transducer and the A E & O AA®A E Aslpredicted by Eq.4.10[6]. The
AE 4 OAABEKE Mérsidhcoustic power inside the medium can be increasedby
configuring the cell asan acousticresonant cavity, where the acousticwave propagates
between parallel faces Acousto-Optic mode locker relies on a similar configuration, but
in this casethe device isuseddue to the frequencyshift introducedby the travelling
acousticwave back and forward.[6]

The acousticwave will travel 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 twowaves arein phase.The relation betweenacousticpower and strain

is defined as: a3
IS = 2P,

I VHL. (5-1)

where V is the phasevelocity, P, is the acoustic power, } is the density of the ma-
terial, H is the height of the acousticbeam (defined by the eledrode), and L, is the
interaction length. In first approximation the acousticpower is considered equalto the
RF power absorbedby the ultrasonic transducer, and from experimental results this
approximation has beenshown be in good agreement on the predicted performances.
The acousticpower is given by:

_} VSHL,

Pa 5

(5.2
which is substituted directly in Eq.4.9 for a conventional AOTF.In the caseof a
resonant AOTFthe averagepower insidethe AO mediumis 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 consideredwhere no acoustic lossesare
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 acousticpower (P;) applied to
the transducer and estimating the number of dusefuldreflection including the acoustic
attenuation. The power stored inside a cavity length equalto L in caseof an even
number of reflection N is estimated by determining the A & Adktbe acoustic attenuation
for a given RF frequency and then folding the cavity and summingthe acousticpower



of each acousticreflection (Fig.5.10(a)):

>
P ot — Pi (Xj ) (5 3)

with P;(x;) is defined by Eq5.2, and the summationis carried over the sameelements
of A E & it @rfays.
The resonant AOTF deviceshas similarity with the AO mode locker, which rely on
acousticresonance.A simple physical analogueto described the A & Aok & acoustic
resonant cavity where wavestravel in opposite direction using an ideal losses medium,
where the dHol E AL&wOcorregponds to the force-displacement relation for a OD OET C 6
[17]

F =Kx (5.4)

where the strain corresponds to the displacement x and the appliedforce F correspond
to the stress. In a conventional AOTF,acousticwavescreate a periodic perturbation
applied to a single particle therefore the strain is proportional to the applied stress. If
a second acousticwave with the sameamplitude is travelling in the opposite direction
to the first one, then the displacement is proportional to the instant force applied to
the particle, hencethe phaseA E & A (hAnlve&ntthe two waveswill A & AtAe(rotal
displacement (Fig.5.8).

The particle displacement reachesa maximum whent = 0 and the amplitude is double,
which meansthe acoustic power at that specific point is four time the input power.
The A & AcktBe phaseA E & A Obfefivded the counter propagating wavesis shown in
Fig5.9.

A lossless elastic material doesnot exist in nature, otherwise the acoustic wave will
propagate unaltered forever, in reality a viscousdamping term is introducedto de-
scribed the acousticattenuation; hencethe acousticpower is dependant on the position
and on the distancetrawelled inside the medium. The valuesof the acousticattenua-
tion hasbeenintroducedin section3.4.1 for TeO,, thus the intensity of the acoustic
wave is reducedtravelling back and forward in the crystal estimating the number of

masseDbefore the intensity of the acousticwave go below a threshold level, where the

A E & O AN AH nA Iongerimproved. Here it is defined an advantage factor as

P tot

ADV =
I:)in

(5.5)

where P is the total power inside the resonant cavity, and P;, is the RF power applied
to the ultrasonic transducer; the advantagefactor (ADV) is dependent on the distance



Particle displacement [a.u.]

Particle displacement [a.u.]

— FW
== BW
® o Total

-0.5

Distance [a.u.]

0.0 0.5

1.0

<
.

i
—0.5

Distance [a.u.]

H
0.0 0.5

1.0

Particle displacement [a.u.]

Particle displacement [a.u.]

65

—_ FW
== BW
e o Total

@

i i
~1.0 0.5 0.0 0.5 1.0
Distance [a.u.]

Figure 5.8: Particle displacement subjects to two counter propagating elastic waveswith dif-
ferent phaseA Eenbe: 1 =0 (a),t = /4 (b),t = /2 (c),t =" (d).

SV

v, ]

o-@ FW

.h*“* o—o BW
T %* = TOTAL
*,
1 " DGE!EIEE!‘~EJE\E|BE?D . R -
5 s
S,
5
e 0f
@
o
(]
o
fo2)
a
= |
—2¢ i i ; H i i i i ]
0 20 40 60 80 100 120 140 160 180
Phase [deg]

Figure 5.9: %dé&ct of the phase A E @rBe between two counter propagating waveson the

particle displacement

from the transducer, an exampleis reporte in Fig.5.10for a cavity length of 20 mm.
Fom the advantage factor it is possibledefine a acousto optic figure of merit for



resonant devicesfollowing Keller et al[30]:

. M
MNtaf—)d (5.6)

where d is the distancebetween the parallel facesin millimetres, () is defined as:
Uf) = af® + bf2 +cf +d (5.7)

with f definedin megahertz,and with a = -9.3947 x 10'°, b = 0.0130,c = -0.6548,
andd = 13.7673.

The acoustic wave is also subject to A E & QAL AvBifare not considered in
this model, therefore the advantage factor is limited by the acousticattenuation. The
acoustic attenuation increasesproportionally to 2, thus in order to obtain an elevated

advantage factor the RF frequencyhasto be lower than 50 MHz, which is typically
obtainedfor &> 1um.
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Figure 5.10: Amustic power inside a resonant cavity (red line) and forward (blue line) and
backward (Green Line) traveling acoustic wavefor a cavity length of 20 mm (a). Advantage
factor for A E @k A E @ frequencyand cavity length of 20 mm. (b)

The acoustic waves travelling in both direction are in phasewhen the correct RF
frequencies are selected, defined as desonare freN O A T /el Aefedmined by the dis-
tance between the parallel faces(l) of the AO medium and the phasevelocity (V) of
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the acousticwave using the following relation:

\Y

Fres = ﬂ

(5.8)
thus the RF frequency appliedto the ultrasonic transducer hasto be a finite multiple of
Fres, If this condition is satisfiedthen the backward and forward acousticwavesare in
phase and resonancebetween the A E & it ©ldsticwaves is established, consequently the
advantage factor reaches a maximum. The A & AoAtBe acousticwave travelling back
inside the ultrasonic transducer A & A fhe&pdrformance of the deviceand is introduced
in the next sectionin more detail.

54.1 %a A AoDtéavelling wave in acoustic resonant cavities

The reflected acousticwave travelling inside the ultrasonic transducerdoesnot A4 A A O
the RF matching performance becauseno additional stressis created inside the ul-
trasonic transducer since the forward and backward acoustic wavesare in phase. In
reality thermal gradients are present inside the AO medium due to the acoustic at-
tenuation. The acoustic attenuation is a sourceof heat inside the AO medium, this
changesthe cavity dimensionaltering the phaseof the backward acoustic wave and
subsequent reflection. Two noticeableA & A A OuisiblA WhAn out-of-resonancefirst

a feedback signal is generatedby the ultrasonic transducer due to additional stress
components, which generatean electrical signal transmitted inside the matching net-
working A & A A h&\FSgVRwhich can reach a level above 10. Hencemost of the RF
signal applied to the ultrasonic transduceris reflected back into the RF driver. The
resonanceis dependent on the acousticcavity dimension, which is strongly A & A Ab® A A
any changein temperature of the crystal mainly due to the acousticattenuation A4 A A O 8
The secord A & Aidtfe reduction of the A E & O AR®DAE hécduBeacoustic wave

are no longer generatedby the ultrasonic transducer and the temperature inside the

AO medium drops generatingtemperature gradients. Corsequently, the free spectral
range (the distancebetween resonance frequencies) changesdue to the modification in
time of the cavity length.

In conclusionin order to maintain resonancethe AO medium should be in thermal
equilibrium with the aid of a lock-in mechanismto track the resonance frequency. It
hasbeenseenexperimentally that a lock-in mechanism is required when the RF power

is above 500 mW for TeO,, and several Watts in caseof crystal Quartz.

Acoustic resonancehas been observedin the transducer by monitoring the VSWR
experimentally by meansof pulse echo measurements, described in Appendix F. The
results obtained have beencompared to the measurements taken by a network analyser.



The resonance frequencies of the deviceswere determined by the presence of negative
peaksin the VSWR where the A A O @FWRwvasmeasured (Fig5.11).

VSWR

ds5 ) 66 565 67
Frequency [MHz]

Figure 5.11: VSWRrecorded by Network analyser of the resonant AOTF,with tuning range
between1lum and 2um.

When the cavity is | &esonance the electrical coupling is poor, and most of the RF
power delivered by the RF driver is reflected back from the transducer (VSWR>25).
The dree spectral OA 1 6fAhé cavity is determined by ¥f = V/2L and this wasin
good agreement with the observed frequency spacingon 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 acousticwaves and heat
generated by the transducer. Thereforethe resonance frequency spacing and position
are not stable and without a temperature compensation mechanismare A E @At®1 O
track. For this reasona lock-in process is describedin order to maintain the device
on resonance. This would continuously monitor the VSWRof the transducer and the
temperature of the cell and so maintain resonance.

As it has beenpreviously stated, the out-of-resonance the electrical coupling is poor,
therefore the tuning relation (Eqg.4.5) is not continuous, as on conventional a device,
but is formed by a series of allowed frequencies.For this reasonthe dimension of the
resonant cavity shouldbe configured soasthere are O O & AtEebonancefrequencies for
a given pasdand. In practice, this is easily achievablefor a large aperture AOTF.

55 Resonant AOTF devices in Tellurium Dioxide

Two resonant AOT Fs were designed and built to demonstrate the principle and accu
racy of the mathematicalmodel. The first prototypehad a tuning rangebetween 1um
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and 2um but no temperature compensation mechanismwasincluded (Fig.5.12). The
secondprototypeswas optimised design for the wavelengthrange between2 pm and
4.5 pm.

5.5.1 Prototype Resonant AOTF between 1um and 2um.

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 A E & it idknessin order to allow operation in the IR range betweenlum
and 2um. A broad band matching network was designedand built in the desired
frequency range. The acousticphasevelocity direction wasabout -82%and o, = 155Y
The electrodesizeis equalto 5 mm(H) x 10 mm(L), which is smaller comparedto
a standard device to take accowunt the acousticdivergencein the out of the plane
direction typically shown in the K-spacediagram. The performance predicted by the
mathematical model showedRF powerfor A E & O ARBAE Aowdk than 400 mW,
therefore no temperature compensationmechanism was added since for RF powers
below 1 W it is possible to achievetemperature stabilization easiy.

Figure 5.12: SolidWorks assembly(left) and final device (right).

The matching network wasbeensplit in to two A E & i POBs in order to obtain the
broad band matching, this solution is typically usedon a large aperture AOTF with
extendedfrequency range. The presence of feedback signal from the transducerwhen
the resonance frequencies are not selectedmakesit A E & At® prédlict the matching
network .

In this casethe vertical PCBhasbeenaddedbecausethe conventional way to design



matching networks is of applied here dueto the presenceof the reflected acousticwave,
which has beenverified by recording the VSWRof the deviceon a spectrum analyser.
The free spectral range of the acoustic wave was 15,75 MHz, which confirmed the
acousticphasevelocity excited by the ultrasonic transducer for the thickness of the cell
equalto 21.26 mm, giving an acousticvelocity equalto 669,69 m/s with an error equal
of 0.04% (where the theoretical value of the phasevelocity is 670 m/s) .

4 MKR 15 750,
4SHR  -13.6556m 0 i

32 PP@ bee.ovd Hz
108 080.0808 H:

Figure 5.13: Photograph of the data recorded from the resonant AOT Fwith a spectrum anal-
yser.

The RF power for peak A E & O ARDAE hishdén measued with laser line test
described in appendix G1. A peakA E & O ARDAE kdualtd 85% was observed,

which is limited compared to a conventional AOTFs where the A E & O ARNH A AU
typically above 95% for linearly polarized light. The RF power vs. AE & OAA@EERT AU
wasrecorded with a laserat &= 1550 nm.

The measured performances were closeto the predicted valuestherefore an optimized

design hasbeen prepared operating in the wavelength rangebetween between 2um and

4.5um.

5.5.2 AOTF optimized design for wavelength range between 2um

and 4.5um

A second AOTFwith an optimized designwasbuilt with a tuning rangebetween 2um
and 4.5um (Fig.5.14) satisfying the parallel tangent matching condition. The acoustic
propagation (d, = -78.0‘3 was to increasethe RF frequency to simplify broadband
matching, leading to a particularly large AO cell due to the acoustic walk-I & Bhe
predicted performance wasobtained from dedicatedMatlab routine to designresonant
device,written by the author. The temperature equilibrium of the AO cell ws moni-
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Figure 5.14: Optimisad resonant AOT Fphoto of the inside where the position of the temper-
ature sensoris shown(left). Detail of the heat-pump position usad to stabilise the temperature
(right).

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 0.03%C. In addition, a Peltier thermoelectric heat pump
wasinstalled to control the temperature and minimise gradientsinside the AO crystal.
The heat pump and the temperature sensorwere controlled usinga dedicated connector
with 6 pin and using the following schematic. The data cable and temperature con-

DS18820

T1 T2

Figure 5.15: Schematicof the temperature sensorsconnection 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 sensorswhich can be ad-
dressedseparately on the samedata line. The heat pump connection where connected
to a power supply controlled manually, and the +5 V, GNDQ and DATA connections
were wired to the Arduino, which allow to record the temperature of the crystal.



5.6 Active Lock-in via temperature control

The resonant frequency of the AOTF may be controlled by temperature, however the
aim wasto achieve thermal equilibrium within the surrounding ambient. This was
complicated is due by the heat generatedby the attenuation of the acoustic wave,
which can be considered as a heat source. It has been proposedto cool down the
devicesto cryogenic temperature by Chang. The heat pump could be usedto extract
the heat generated by the acousticwave, however this solution createa unstable lock-
in condition, becausethe RF power increases with the wavelength and the acoustic
attenuation decreasesaltering the thermal equilibrium. The solution proposed hereis
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Figure 5.16: Temperature recorded from the temperature sensorwith RF | &and RF on.

to usethe opposite approach; the cell is heated up to a temperature of about 30
by meansof the heat pump and at the sametime the baseof 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 1€ - 2%, altering
slightly the thermal condition. The resonance frequencyof the deviceschangewith

VSWR

RF frequency. fi

Figure 5.17: Direction of the shift of the resonantfrequencieswith temperature.

the cavity size, therefore a changein the temperature moves the resonancefrequencies,
which are the negative peaksin the VSWR.The lock-in is obtained selectinga RF
frequency where the VSWRhas a negative slope, with the increaseof temperature
the peak movestoward a minimum and then increases agan. When the minimum on
the VSWRIs reached the coupling coA & AnErdachesa maximum changing the RF
frequencyby a small amount ¥f in order to selecta position, where the slope of the
VSWRIs negative.

The controller of the driver tracks the selectedpeaks, and the trigger changesthe

\
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Figure 5.18: Lock-in processusad to maintain the resorant device in resonarce.

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 deviceremain lockedfor about 3 hours. This solution allow to control
the resonance AOTF by meansof simple software.



Conponent Identification Supplier Cog Quantity
p-controller TexasInstrument | £8 - £25 1
Power Swpply | 117-769(350W) | RS Conponents £55 1
Power Detector | ZX47-40LN+ Minicircuits £ 7547 1
20dB Coupler | ZDC-20-1BR+ Minicircuits £ 44 .85 1

Table 5.1: Basic componentsto realize the resonantRF driver.

5.6.1 Advanced RF Driver control ler

The resonant AOTFdriver could be alsorealized by using COTS components.

6 Ways
o connector
Mini

computer

Power
detector

Function i
Generator coupler

Figure 5.19: Schematicproposed to build a RF driver to be used with resonantacousto-optic
device.

The solution could be embedded inside a dedicated RF driver, or realized asan external
module betweenthe RF driver 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 areintended to advise COTSomponents, which might be
usedand to give a rough idea of the price rangeto build the preliminary system. The
prototypewasnot beenbuilt becauseit wasout of the scagpe of the research activities,
and it hasbeenpresented to help additional A & T o® e developing of a RF driver for
resonant acousto-optic devices.

Another solution is to implement a phaselocked loop as described in [31], where the
resonancefrequencyis continuously tracked, this solution could be implemented in
addition to increasethe capability of the current drivers produced by Gooch & Housega

1Commercial/ &The-Shelf
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Conponent Identification Supplier Cost Quantity
RF amplifier 5W | ZHL-5W-2G Minicircuits D £900 1
Function generator, DSSmodule AD9854 D £100 1
Mini-Camputer Beagle board | RS components | £25- £ 50 1

Table 5.2: Additional Corponents

5.7 Test Setup

The resonant AOTFs were tested usingthe set-up shown in Fig.5.20and Fig.5.21.

Lock-in amplifier |€

A

Integrating
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P{ generator = Amplifier .
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IEC >

—31 Power supply
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Figure 5.20: Setupwith lock-in amplifier and laser source

The laserline test (Fig.5.20) wasusedto recordthe RF powerversusAE 8 OARBPET 1
ciency for a fixed wavelength predicted by Eq.(8.11); a lock-in amplifier was usedin
order to achieve greateraccuacy. Two A E & i |&s&rlines were chosen:1550nm, and
3390nm. The RF power meter wasusedto measure the VSWRof the deviceand the
RF power delivered by the function generator, which had a precision of 1 Hz. The tun-
ing curve, predicted by Eq4.5, of the first prototypewasdetermined usingthe setupin
Fig5.21, where a supercontinuum sourcewith a spectral emission in the range of 450
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Figure 5.21: Setupand with supercontinuum source

nm up to 2000 nm wasused. The first A E & O Aorléd Badl beenmeasured by means
of an optical spectrum analyser and the RF power for PDE had beenmeasured for the
wavelengthrangebetween 1pym and 2pum.

5.8 Performance comparison betweenconventional and
resonant configuration

In order to verify the feasibility of the proposedsolution, the two A E & it @efices
as describedabove. The first prototype has a tuning range betweenlum and 2um,
as expectedthe advantage obtained by the resonant configuration wasabout 4, using
the Matlab routine to designresonant AOTF,and the tuning relation wasin good
agreement with the predicted values with an error within £0.05% (Fig.5.22). The
optimize designwith a tunable range between2 pm and 4 um was tested using the
setupin Fig5.20, using a lasersource at 3390nm.

The advantagefactor measured was about 5 and in good agreement with the theoretical
values.

5.9 Frequency shift in the resonant AOTF

The AO interaction introduce afrequencyshift on the first A E & O AoAlé Aglial to
the RF frequencyapplied. The direction of the shift depends on the phasematching
condition, as previously reported a phonon could be generatedor annihilated in the
AO interaction, this A & AcAuldl be represented in the K-spacediagram by the by the
direction of the K, vector [6]. It hasbeenreported by Ward and Pannell [32], where
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Figure 5.22: RF power for peak A Eattion A a&ifncy(right), detailed view of the resonant
AOTFperformance(l eft)

a pair of AOTFs was matched to generatea null frequencyshift, where the acoustic
vector propagatesin opposite direction. In caseof a resonant AO devicesparticular
was not clear if the travelling acoustic wave travelling forward and backward in the
devicewould generate an up-shift, down-shit, or a null-shift. Therefore an experiment
was carried to experimentally measurethe frequencyshift of the device by means of
an interferometer. The set-up is shown in Fig5.24, where two AOTFSwere used.

The first AOTFwasusedto introducean initial frequency shift, which wasmeasured
in order to have the reference.The first AOTFwasoperated at 64.5670 MHz with an
RF level of 1 Watt. The resonant AOTFwasdrivenat 32.6632 MHz. The combined
signalfrom the reference and shifted arms wasmeasuredwith a photo diode connected
to a spectrum analyserwith an accuracyof 1 Hz.

The experimental results shows the presence of a down-shift and up-shift components,
dueto the forward and backward acousticwave respectively. The reason of the presence
of both shifts is believed to be the resonant acousticwave is seenby the phase matching
condition as two separatewaves,which are in phase, therefore an advantage factors is
measuredandthe A E & A Obktivderthe down-shift and up-shift is of the order 10x10"
nm, detailed inform ation are goingto be reported in the paperin preparation.

5.10 Condusions

In conclusion the practical limitation onthe RF power (< 5W) for conventional AOTFs
limits their usefor several applications in the wavelengthrange above 2um. The RF
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power for peak A E & O AR®BAE Avhildt being material dependent and limited by

the interaction length tends to be determined by the & dependency. One solution

to reducethe RF power could be to increasethe interaction length, but becausethe

acousic walk-I aquickly increasesthe material footpri nt and anyway, this will serve to
narrow the line width and thus restrict optical throughput.

The resonant configuration is an A & Ava $olbtion to reducethe power consumption
of AO devicessincethe phonon energyis A & AvBlYdecycledd thus reducingthe RF
power requirement. However, acousticattenuation restricts the use of such a solution
in the visible range, asthe RF frequency is usually too high (>50 MHz). The tuning
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curve is not continuous in the caseof resonancedevices,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 tunability of
the first prototype wasdemonstrated in the wavelength from 1um and 2um. Unfortu-
nately no suitable white-light source wasavailable to test the tunability in the 2umto
4um range of the optimized design, but the lasertest showed good agreement with the
predictions. Consequetly we are confident of the tunability of the device.

The electrical feedback signals, whenthe devicewasout-of-resonance, createdan issue
for the electrical matching which could be harmful to the RF components, for this
reasona lock-in mechanismto 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 leadto an integrated solution.
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Chapter 6

Acousto-Optic Tunable Filter for
wavelength above 5um in Calomel

single crystal

6.1 Intr oduction

The wavelength rangeabove 5um is of particular interest for several applicationsfrom
remote sensing to biological studies[33].

Gooch and HousegolLtd.(UK) is leading a European project (FP-7) with the aim to
build a systemable to diagnosepremature skin cancercells analysingthe spectrum
between 4.5um and 10um. The current systemin development is a microscope fitted
with a super-continuum sourceilluminating the target, with a tunable filter to select
a narrow bandwidth of the spectrum. Thus an acousto-optic tunable filter with wave-
length rangeup to 10um seemsto 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 pum, thus the research activity has been bcused
on other birefringent AO materials with extended transmissionin the Long Wave-
length Infrared (LWIR). Mercurous halides have beenreported to be crystalswith good
acousto-optic properties [34][35]; for example Mercurous Bromide (Hg,Br,) hasbeen
extensively studied by Gupta and Voloshinov and several papers have beenpublished
[36][37], another crystal is mercurous chloride, alsoknown as Cabmel. A Calomelsin-
gle singlecrystal wasselecteddueto its availability. This particular crystal is supplied
by BBT, a crystal growth company basedin to Czech Republic, which is part of the



Ci1 | 0.8925 x 1010 | [N/m |
Crp | 1.7192 < 101 | [N/m ]
Ci3 | 1.563 < 101 | [N/m]
Csz | 8.037 x 101 | [N/m]
Csq | 0.8456 %< 10%0 | [N/m]
Cos | 1.225 < 10%° | [N/m]

Table 6.1: Elastic O O E & donktén®for Calonel Single Crystal

consortium. The agreement within the project is to designthe AO cellsand polished
cellssuppliedby BBT.

6.2 Calomel Single Crystal properties

The acoustooptic properties of Calomelsingle crystal have beeninvestigated by [2][38],
where a high M, for the longitudinal mode has beenreported. In the literature the
value of the acousto-optic figure of merit for slow shearinteraction is only reported
for propagation direction along the t axis, thus the physical properties of Hg,ClL are
investigatedfor the feasibility of an AOTFdesign. This crystal is an anisotropic mate-
rial with an extraordinary slow shearvelocity and high density (} = 7180K g/n) [7],
belongingto the tetragonal crystal classand the elagic constant valuesare reported
in table 6.1

The crystal symmetry allows to use the sameanalytical results obtained for TeO, us-
acousticmode usedin the birefrin gent AO interaction is examined, the reader is invited
to follow the sameanalysisdescribed in Ch.2 for Tellurium Dioxide in caseof the other
acousticmodes.

The acoustooptic interaction takes placein the tZ plane, becausethe slowest velocity
liesin this plane, and the acoustooptic figure of merit is at a maximum. Another rea-
sonto selectthe planeis the acousticwave polarization, which is always perpendicular
to the plane due to the crystal symmetry; the phasevelocity expression for the slow
shearmodefor an arbitrary direction of propagationin the plane can be expressedby
Eq.(3.30): _

Ve = CTG'%Jcosz(d) + %‘ sir(d) = V, co(d) + V,sir?(d) 6.1)
with d measured from [110] direction, V; = 347 m/s, and V, = 1084 m/s; the slowness
curve of Calomel single crystal is shown in Fig.3.13. Before entering in to details of
the AOTFdesgn, it is necessaryto introducethe physicaland chemical properties of
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Calomel Singlecrystal, which A & A the&d@signconsideration.

6.2.1 The physical and chemical properties of Calomel single
crystal

Mercurous Halide crystal are known to have adverse physical and chemical proper-
ties, which limits the possibility to use cawventional bonding technique using elevated
pressure and non-noble metalsasbonding layers. Calomelsingle crystal (Hg,ChL) chem-
ically reactswith non-noble metals releasing free mercury and creating defectson the
surfacewhich propagateinside the crystal, therefore the conventional technique used
in Gooch and HousegoLtd. (UK) cannotbeimplemented becauseit requires the useof
non-noble metalsat high pressures. Attempts to bond an ultr asonic transducer directly
wasreported by Gottlieb [36] and Gupta [34], where the calomel crystalis protected
by a thick layer of gold. This solution wasimpractical from the point of view of day
to day production dueto the inherent risk of contaminating the bonding plant.

A solution was proposedto overcomethe bonding issuerelated to the conventional
technique consisting of the use of a intermediate substrate made of a material with
similar acousticimpedance,where a conventional bonding technique could be used;
where the continuity of polarization vectorsis preserved across the two A E & i éate-
rials, in order to excite the correct acoustic nodeinside the Calomelcrystal.

This technique is described in detail in the next section, before describing the design of
the Calomel AOTFs developed for the MINER\A system, the non-standard bonding
technique is introduced 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 meansof an adhesie layer. Particular
attention hasbeen paid to identify a proper material, which should have similar acoustic
impedanceand mostimportant, that the eigenvectors continuity is maintained in order
to excite the correct acousticmode inside the AO material. The continuity condition
is defined by

V(da1) X Vi gc1,(da2) =0 (6.2)

wherev and vy q,c1, are the eigenvectors related to slow shearmode in this casefor
the substrate material and for the Calomelcell, respectively. $ E & At @dterials were



investigatedin order to determined the best candidateto useasa substrate.

6.4 Substrate choice: Tellurium Dioxide TeGO,

The material choice of the substrate wasinfluenced by the availability and possibility
to be manufactured inside the G&H site, leadingto three A E & it gbssibilities: fused
silica, crystal quartz, and Tellurium Dioxide. The theoretical performanceof each
substrate was investigated in order to determine the best candidate for the prelimi -
nary test. Crystal quartz and fusedsilica were considered but poor acoustic matching
impedancewaspredicted by a dedicatedmodelling 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 classbeing
similar to the Calomel single crystal. It posses a similar acousticimpedancefor the
slow shearmode relevant to the acousto-optic interaction. Becauseof the anisotropic
nature of the phasevelocity in both crystals, a mathematical model was developed in
Matlab by the author to determine the best orientation for both crystals to maximize
the acoustictransmission between the bondedsubstrate and the AO cell.

6.5 Acoustic impedance matching

The theoretical acoustic coupling coA @& AnEbktweentwo A E & it Mdkerials is esti-
mated by the acousticimpedancedefinedby Z =} \/ where V is the acousic veloc-
ity definedby the mode and propagation direction in caseof acoustically anisotropic
material. The transmission and reflection coA @& Anks Are defined from the acoustic
impedanceby [6]:

R = Zy(d) MZy(d)

ACETAC (6:3)
oz
2CETAC) 64

where Z; =} Yd) is the acousticimpedance of the acousticwavein the first medium,
whichis TeO,, and Z, =} ¥d) is the acousticimpedancein the secondmedium, which
is the AO cell made of Cabmel.

The theoretical reflection coA & AnE i& estimatedfor any propagation direction of the
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acousticwave in the latter with dy, in the range between0 “and 180 Urotating the

former. Results of the theoretical transmissionare shown in Fig.6.1(a), using the
schematic of Fig.6.1(b) as a reference,where a perfect bond at the interfacel is as

sumed.

Hg,Cl, [001L 20 40 6 8 100 120 40 150 18
> 8re0,

Slow Shear

TeO, [001]

D

(a) (b)

Figure 6.1: Configuation of TeQ bonded to Hg,Ch (a) and relative transmissioncoegecient

(b)

The theoretical model developed in Matlab allows the best orientation of the substrate
for a given direction of the acousticwaveto be selected. It is possible to maximizethe
transmission of the acoustic wave from a medium to another. The theoretical trans-
mission of the acoustic wave betweenH g,Cl, and TeO, crystals is 95%, in practice

this value is never reachedthis due to presence of an organic bondinglayer A4 AAQE 1
the coupling coA & AnE. A

6.6 Bonding material

The choice of the bonding material dependson the Calomel single crystal properties
and should have the following specifications:

E No UV cure required : Hg,Cl, singlecrystal must be protected from UV ra-
diation, otherwise the crystal becomesdark and prevents transmission (solarize),
consequently the bonding material must cure without UV expositions.

F Good homogeneity: the acoustic wavestravelling 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 smallerthan the acousticwavelength.



# The hardness of bonding layer is proportional on first approximation to the
acousticwavesattenuation, which should be minimized.

Z Room temperature cure: dueto the A E & ik thekmal expansioncoA & AnE A
of the two crystals and of the bonding material, a room temperature cure is
desirable to avoid the intr oduction of additional stress at the bonding surfaces.

E Low viscosity would helpto spread an even and thin layer of glue on the surface,
helping the transmission of acousticwaves.

Z Full curing Time at room temperature must be between the 24 and 36
hours, with setting time of about 15 minutes.

$ E & A ©esof glueshave beenexamined and the lenscement glueshave the correct
physical properties exceptthe UV radiation to activate the curing process.The ones
listed below do not required UV curing and fulfil the additional requirement:

E SummerOptical LensBond F-65
Z SummerOptical LensBond RD3-74

E Araldite 2020

The acousticproperties of the gluesare A E & At@pre@ict and no valuesare reported
by the supplier, therefore in order to determine the transmission coA g AnEof the
A E & ik @ubs an acoustic experiment has been carried over using the pulse-echo rig
and an acousto-optic tests, initially bonding two A E & it €uBstrates madeof TeQ, with
the sameorientation and assumingthe theoretical transmission equalto 100%. Once
the glue with best acoustic performance is identified, a Calomel cell and the acoustic
prism with an ultrasonic transducer is bondedto createan acousto-optic device.

6.7 Pulse-echo measurement:. Setup

The acoustic wave transmission betweenthe two A E & it €uBstrateswas measured
by meansof a pulse-echotechniques, which requires an interface solid/air identified
as secondinterface (Fig.6.2), parallel to the transducerface. A special device mount
has been designedand built, which allow to test A E & i BoAded samples;the de-
vice mounted is realisedin Polyoxymethylene (Delrin) (Fig.6.2) in order to avoid to
damagethe Calomelcrystal when used. The material choice has beendictated by the
incompatibili ty of calomelwith non-noblemetal layers, which would causecorrosion,
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Figure 6.2: Device to measue the transmission of the acoustic wave betweentwo materials
bonded with glue

gradually destroy the bond and damagethe crystal

The A & Aok tBe bonding layer on the transmission coA & AnEidmeasuredfrom the
amplitude of echo detected by the ultrasonic transducer reflected from the interface
between TeO, and Hg,Cl, and between H g,Cl, and air, where the ratio between am-
plitudes of two adjacent peaksgivesthe reflection coA & AnE & the interfaces.

A slow shear wave propagating along the [110] direction has been selectedin both
substratesbecausethe acousticwalk-I s zero, therefore the acoustic pulse time of
flight is determined only by the samplethickness. The first substrate bonded with

the ultrasonic transducerhas a thicknessequal to 1.9 mm and 5.0 mm for the second
substrate, the phasevelocity (V = 616 m/s) is the samein both substrates.

The transmission coA & AnE theoretically is equalto 1 and no reflected wave should be
detected from the first interface, in practice the presence of a glue layer reducesthe
transmission coA & AnE due to the A E & ik @ldstic properties.

The experimental test bonding TeO,-TeO, shows that the glue layers A & Adlig@ifi-
cantly the transmission coA g AnEald &purious ecE T réflectedby the first interface
are detectedby the transducer, asshown in Fig.6.3(c).

A routine has beendevelopedin order to determine the time distribution of all the
reflection comingfrom both interfaces when the substrates thickness are defined by the
user, and markers are automatically addedto identify the @xpected positiondof each
echo source.

The glue layer has beenconsidered to determine the diaerent sourceof the signal de-
tected at the transducer level, therefore the first series of echoes is comesfrom the first
interface, and the secondfrom the solid/air interface; the third comesfrom a more
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Figure 6.3: Diagram of the possibleacoustic paths inside thecrystals (a). Photograph of the
device to assesshe quality of the bonding obtained with the glue layer (b). the Experimental
resultsobtained from the pulseecho RIGof two TeQ samplesbonded with Araldite 2020(c).

complexreflection (Fig6.3(a)).

Several substrates with a bonded transducers have been prepared) and due to the man-
ufacturing tolerance the averagethicknessof the substrateis equalto 1.9 mm = 0.001
mm, due to the variation of the transducerthicknessand bond thicknessbetween the
ultrasonic transducer and the TeO, substrate. The tolerancesintroduce an error in
the estimation of the time of flight which is equalto 0.100us, which is beyond the
detectablesignal from the pulseecho Rig. The second substratein TeO,, which repre-
sents the AO cell, hasthicknessof 5 mm £ 0.001 mm.

The experimental results shows a good agreement with the prediction obtained from
the mathematicalmodel developed, but the coupling coA & AnElas A E g Atddstithate
dueto the RF power detectorwhichis not calibrated, therefore the only significant re-
sults obtainedis the verification of the correct acousticmode excitedin both substrate
and the A & Aoftfe glue layer usedasa bond material.

The best results have been obtained from @raldite 20206 (Fig.6.3), which has been
selectedto be usedwith Calomelsubstratespolished by BBT.
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6.7.1 Bonding experiment: Calomel

The phase velocity in Calomelsingle crystal alongthe 110 direction is equalto 347m/s
and power reflection coA & AnE f&r an ideal bond obtained contacting TeO, and Cabmel
is equalto 16%. In the real devicethe glue layA Omeencewill increase the reflection
coA & AnE. A Experimentally using the F-65 and RD3-74 no echoesfrom the second
interface could be detectedby the pulse-echo Rig, and the only possible conclusion is
no acousticwave are A g AnflyAcoupled inside the Calomel substrate. Araldite 2020
shows areaction with the Calomelcell dueto the primer, and it seemsthat free mercury
is released from the interface, helpingthe acousticcoupling between the substrate due
to the presence of a bond layer, which gradually changesits composition from glue to
mercury with an equal acougic impedance at the interfacewith Calomelcrystal. The
pulseecho measurement shows the presenceof only oneecho coming from the interface
air/ solid. In order to have additional information, an acousto-optic experiment has
beenrealized using the cell asa deflector, which is the topic of the next section.

6.8 Acousto-Optic Test

The Acousto-Optic test will indicate the acoustic coupling coA g AnE between the
bondedsubstrates,comparingthe measured A E & O ARAGEAEET Averdut)RF power ap-
plied to the transducer, and it will be usedasa reference.The theoretical valuesof the
expectedA E & O ARDAE Adndidering a perfect bond between the transducerand
AO cell.
The Bragg condition is obtained for any internal incident angle d; for A E & rt Wafe-
lengths but only a limited interval can be use due to the cell dimension, therefore a
routine has beendeveloped in order to predict the performance of the AO interaction
and RF frequencyto achieve phasematching condition for the range of allowed an-
gles. The acousticfield is considered equalto the electrode sizeand near-field A4 A A OO
and A E & O A A fh€dcdustid wéave have not been considered for simplicity. A laser
source with an emission at 1550 nm has beenselected due to the low power requested
to achieve peak A E & O ARDAR AhdAhE relative low frequency. The AEA OAAOQE’
A @A E Ad détérmined by Eq4.10, proposed again below

{ a

’ M,LP,

— cin?
q=sin ascosd  2H (6.5)




where L and H are the transducer dimension, P, is the RF power, d is the input angle,
& is the laserwavelengthand M, is the acousto-optic figure of merit [6]:

M, = —”?j?’ﬂ(eggd’z (6.6)
where:
perr = P11 P12 Go2(d) + puasir? () 6.7)

In the caseof tellurium dioxide single crystal the photoelastic constants are: py; =
0.0074, p;o = 0.187, pss = -0.17.[6]. In caseof Calomelsingle crystal the photoelastic
constants are: p;; = 0551, p;» = 0.44, the value of py4 is unknown in the literature. The
acousticvelocity is alongthe < 110 > direction thend = "/2 and pesr =0.0555.For a
given wavelength, the theoretical value of M, is given and from Eq.6.5the RF power
transmitted inside Calomel single crystals could be inferred. The phasematching con-
dition is obtained by changingd; rotating the deviceand modifying the RF frequency
applied to obtain Bragg diaraction. Theoretically the phasematching condition has
been estimated by a dedicated Python routine developed by the author, which evaluate
the acousto-optic properties for four diaerent wavelengthsand a given electrode size
and RF power applied. The RF frequencyand A E & O AR®BAHR AhHownlh Fig.6.4
were estimated for an RF powerof 0.5 W an electrodewith dimensionof 5.0 mm x
5.0mm, and an interval of d; between O and " /4.
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Figure 6.4: RF frequencyto satisfy the phasematching condition for A E &k wavelengths
versusincident internal angle (left) and O E A radiiéhd & A E AJ.EAversusincident internal
angle (right).

The RF frequencyis limited by the centre frequencyof the transducer, therefore the
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wavelengthhasto be chooseaccordinglywith the available interval of d; determined
by the geometryof the cell.

6.9 Experimental Results of the Acousto-Optic test

The AO cell usedto measurethe A E & O ARBAHE Aas ke following dimensions:
5.0 mm [110] < 10.0 mm [11_0] % 10.0 mm [001] (Fig.6.5) and the maximum external
d; is approximately equalto 25Y

Bl foor]

Figure 6.5: Test device built to measure the acoustic transmission(a), and the cell desgn.(b)

The RF frequencyneededto satisfy the phasematching condition has beenrecorded
A @A E fejualth 50% usingLeansBond F65 and equalto 55% usingLensBond RD3
74, which is lower by approximately 5% - 10% comparedto the prediction due to the
presence of the glue layer.

The performances achievedwith the bondedCalomelcellare OO OT T CI Wy thed AA O
gluelayer, whichis alsoconfirmed by the pulse-echo results with an RF power of about
0.5W andA E & OAASHEK E kedualtd 8%. The excitation of the correct acoustic mode
hasbeenverified 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
acousticwavesfor the applied drive frequency;the slowness curve of the slow shear
is visible in the SB pattern confirming the excitation of the correct mode inside the
Calomelcrystal.



Figure 6.6: SchaeferBergmann pattern obtained by the slow shear.

6.10 Bonding Trial results

The results obtained from the A E & it @lde bonding TeO, over TeOQ, show relative good
acoustic coupling between the two samples, confirmed by the pulse-echo and acousto
optic tests. $ E & A @edults have been obtained when bonding the TeO, substrate
to the Calomel crystal, becauseno echo has beendetectedfrom the secondinterface
(Calomel/air) usingall the three A E & Qluesidentified. The acousto-optic test shows
that some degree of acousticcouplingis achieved only with Araldite 2020, perhaps due
to the presence of free-mercury releaseat the surfaceby the activator (Fig6.7).

Free mercury

Figure 6.7: The A &ct of the activator used with Araldite 2020 0n Calomel cell after t = 0 [s]
(@), 20[s] (b), 40 [s] (c), after full curing 48 hours (d)



93

The free mercury is confined inside the bond layer creating a transition from TeO,
to Cabmel, Araldite 2020 has beenusedto build the first prototype of the Calomel
AOTF;the resultsreported in the next section.

Unfortunately, the experimental results cannot be easily comparedagainst the model
prediction becausethe current development of the bonding processdoes not show
good repeatability. This is dueto the A E & A O bf Oliaknidg repeatable thickness and
identical chemical composition of the adhesie layer, hencethe acoustictransmission
of the bonding layer is A E & Atd@dstinatein each case.

In addition, the continuity of the polarization vector for the acousticwaves between the
two materials is always satisfied for any direction of propagationin the t[110]-Z[001]
for both crystals.

The orientation of the acoustic substrate hasto be determined in order to maximize
the acoustictransmission for the selected direction of the acousticwave in the AOTF.

6.11 First proto type of Calomel AOTFin a non-collin ear
configuration

The first prototype of an AOTF made of Calomel was designedin a non-collinear
configuration under the parallel tangent matching condition, with a tuning range which
covers the wawelength range from 1 um and 2 pum; the wavelength range has been
selectedto cover the spectrum of the available white light sourceand the available
optical spectrum analyser range. The input direction wasequalto d; = 10.13%and the
acousticdirection equalto d, & -85.0% the tuning relation is shown in Fig.6.8(a) and
the passbands shown in Fig.6.8(b).

SA[nm)

Apm Alpm]

Figure 6.8: Tuning range of the first prototype(a) and related passand (b).

The interaction length is determined by the electrode dimension, which is bondedto



TeO, substrate (RD3060- in the appendix). The bonding face of the Calomelcell is
oriented alongthe [001] axisand the acousticwavedirection is determined by the angle
of the prism, applyingthe 3 T A laW t6 the phasevelocity in the two material.s

Free Mercury
Calomel AOTF

Released

Hg,Cl,

Araldite 2020+ Mercury
Araldite 2020

TeO,

(a) (b)

Figure 6.9: Photograph of the non-oollinear bonded cell (a) and the diagram of the layer at
the interfaces.(b)

In order to maximizethe transmission of acousticwavesfrom TeOQ, in to the Calamel,
the acousticdirection inside the substrate has beenselected along the[110], where the
phasevelocity reaches a minimum; the angle between the transducer and the bonding
facein the TeO, substrate is equalto 836" in order to launch acousticwave in the
desired direction inside the calomelcrystal. The angleis easily determined by:

sin(d;) _ sin(dy)
Vi 9 Vig)

(6.8)

with g; and g, are measuredfrom the perpendicularto the surface,d; and d, are
relative to the crystallographic orientation using Fig.6.10 asreference.

The theoretical transmission coA & AnE iA caseof direct contact between Calomeland
Tellurium Dioxide is equal to 83%, dueto the acousticimpedance mismatch determined
by the direction selectedin TeO,. It wasselecteda propagation direction along the
110, where the acousticwalk-I &s zero, and the acousticdirection in the Calomelcell
is the same. In reality the presence of the bonding layer will A & AtAeQransmission
coA @ AnEirkcreasingthe RF power versusA E & O AR&AE8Alleadingto a reduced
acousticpower inside the calomelcell.
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Figure 6.10: Refeence anglesused to predict the acoustic direction of transmitted acougic
wavesapplying the Snél da@.

6.12 Experimental results

Two AOTFs with the configuration described in the previous section have beenbuilt
and tested using Araldite 2020 asbonding material. The TeO, prism hasbeenbonded

to the faceC (refer to appendix) and the acoustic directionis equalto d, = -85.0 u
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Figure 6.11: Schematicof the non collinear AOTFmade of Caland, where theacoustic field
is shownin each parts of the device.

The transducer has been matched to a centre frequencyof 49.2 MHz, which corre-
spondsto 1550 nm; the A E & O AMaNE Abf tAelfirst deviceis equalto 10% for an



RF power of 1.843 W, the seconddeviceshowed a A E & O AMGAE AbF abaut 40%
for an RF power equalto 1.8 W.
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Figure 6.12: Experimental results obtained with the TeQ substate bonded on the face Ao
(@)and on the face @# ().

The AOTFcell has beenconfigured in such way, that the Face dDQ opposite to trans-
ducer, could be bondedwith the sameprism and have the acousticwave propagating
along the [110] direction; under this condition the phasematching is achieved at 68

MHz for a wavelength equalto 632.8 nm, where the AE & O A A & K E Miadkrigasured
at 10 % for an RF power equalto 0.3 W.

The theoretical tuning relation shows good agreement with the results obtained from
the preliminary test of the first prototype,but the AE & OA A @& E Rniedsured could
not be compared with the theoretical model due to the presence of the glue layer and
the unknown valuesof pa, which wasset to zero. The transmission coA & AnE &t the
interface can be estimated by bonding the substrateto the opposite face,the acoustic
direction is then alongthe [110] axis, hencethe A & Av& ghBtoelastic constant is defined
by Eq6.7. Then the RF powerversusAE & OAA OE | tan FegrAdicikd aAdthe
coupling coA & ArE Between the two material can be inferred.

The measuredA E 8 O A A @ & E MiadirUthe rangebetween 1% - 3% at 1550 nm with

f = 60.31 MHz and P = 2 [W], therefore the coupling coA & AnE Basbeeninferred to
be between 7 dB and 10dB.
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6.13 AOTF design Optimization

In the literature this material is well characterized and several papers have beenpub-
lished @out its usein acousto-optic modulators (AOMs) due its high Acousto-Optic
figure of merit compared to TeG, with the longitudinal mode. In the case ofacousto
optic devicesexploiting the slow shear interaction for an arbitrary acousticpropagation
direction in the t[110]-Z[001] plane,the A & AvA ghBtoelastic coA & AnE i8 a linear sum
of varioustensor components, but it is not possible to optimize the designbecauseone
value of the photoelasticconstants (p44) is currently unknown.

Calomelsingle crystal is characterized by a modestfigure of merit and limited birefrin -

gencefor the wavelength rangeof interest, which limit the performance for wavelengths
above 5 pm. A comparison between the A E & it MA of several AO material useful for
AO application arereported by Gupta et al. [39] and shows the limitation of Calomelas
AO material for Infra-Red application; in addition the AOTF performance is strongly
dependent on the valuesof p44, which is unknown.

The non-collinear configuration shows its limitation for wavelengthabove 4.5 um due

to the limited birefringence,where the usableinterval of d; is limited by the values
of M, and the extension of the tuning range is determined by maximum frequency
(Fig6.13).

»—a OE+@4.5um — EO+@4.5um
* - Octave i * = Octave
W — OE+@10.0 um 60 -- EO+@10.0 um

10

RF Frequency [MHz]
RF Frequency [MHz]
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0;|deg] 0;|deg]

Figure 6.13: RF Fequency versusd; for the wavelength range between4.5um and 10 pum for
the OE+(a) and EO+(b) where the octave region is shownby shaded region

The octave was shown in Fig.6.13 by the dotted area, therefore it is not possibleto
cover the whole rangefrom 4.5 um to 10 um with a single devicewith an octave of tun-
ing span, in addition the ultrasonictransducer does not work A & AnflyAfor frequencies
below 15 MHz. In conclusion the additional constraint are addedto d;, which should
be greater than 10.0Y achievedat the expense of the A @A E Aof tAelAO interactions.
This increasesthe RF power consumption, assuming a conventional bonding technique
is usedand p44 equalto zero.



The RF power versuspeak A E & O ARA®AE AanAddreducedby maximizing the
ratio L,/H . In caseof a non-collinear configuration the minimum ratio required to not
exceed5 W is theoretically estimated to be equalto 20, with the help of a dedicated
routine designdevelopedin Python. In practice due to material size limitation the
maximum ratio is below 2.5 leadingto non-A & AnE devices(Fig.6.14).
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Figure 6.14: RF power for peak A Bdction A @A E AithAAUE @ dimensional ratio of the
transducer.

The A & AoRpQ, on the AOTF®& performance has not beenconsidered in the previous
analysis, in order to completethe feasibility study and optimize the AOTF designto
maximize the performance the valuesof all the photoelastic constant should be known.

The next sectionis dedicatedto the missingphotoelastic constant p4, where its A& A A O
on the AOTF performance is theoretically estimatedand an experiment is proposed to
measure the value of paa.

6.14 The Quasi-Collinear configuration

The non-collinear configuration is often usedfor a non-coherent sourceor in imaging
system, the limited interaction length limits the A E & O AR®AE A&dhidvable due

to the practical limit imposedby the RF power. The RF power consumption could
be reduced maximizing the ratio L,/H obtained with the quasi-collinear configuration;
this type of AO interaction requires a well collimated sourcewith A E & O AlifnieB T 1
output, such asobtained from a supercontinuum source.

11t is reminded to the reader L, 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 estimatesd; for any direction of d, and the
relative RF frequency requiredto satisfy the phase matching condition and M, for
three A E & ik @afue of pu,.
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Figure 6.15: Relation betweend; and da(a). $ E éert valuesof M, using A E i@k values
for the missing photoelastic constants pa4(b). Internal separation angle versus din(c). RF
frequencyto achievephasematching condition for A E @k incident angles(d).

The acousto-optic figure of merit (M,) is A & A Ab§ thelvalue of p44, an improvement
of M, is obtained independently of the p, signfor d < 28 U as shown in Fig.6.15(b)
and in addition the RF frequencyto achieve phasematching condition is above 25

MHz for &= 10 um, where conventional transducers work more A & AnflW leading to
an optimal configuration for the AO cell independently of the value of pyy.

6.15 Calomel QGAOTF

A first prototype wasdesignedwith d, = -96 © o, = 43.84 Y H = 3.0[mm], L, = 21
[mm], and ps4 = O; the predicted performance is shown in Fig.6.16.

The A E & O ARSAH Ald tAedretically predicted with no attenuation introducedat
the interface betweenTeO, and Hg,ChL as shown in Fig.6.16(e). A TeOQ, prism was

designed to maximize the acoustictransmission between the two materials, not taking
into accownt the A & A AtBe bbnding layer. The transducer face, perpendicular to d,

hasbeentilted by angleof 5.0%in order to usea TeQ, prism to awvoid residual acoustic
waves reflected backward creating standing waves,therefore a conventional TeOQ, shim
with parallel facesshould be avoided becausehe reflected acousticwave will then be
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back-reflected the transducerwith the same problemof a resonant AOTF.The angle
of the prism have beenestimatedapplying the 3 1 A law, @ith dy(IN) = 850°(V =
634.38 [m/s]) in TeQ, and d,(OUT) = 67.19(V = 529 [m/s]); d; is defined by the AO
cell configuration and d;, is determined solving by:

C )/

di, = arcsin Vreo, sind; (6.9)
Hg2Cl2

using Fig.6.17 asreference.

The AO cellhasbeenconfigured with parallel facesbetweend #afid6 $fates(Fig6.17(a),
therefore the AOTF could be configured as a resonance or conventional AOTF. The
conventional AOTF is realized adding acousticdumping to 6 $face, otherwise if the
former faceis left polished with an interfacebetween air/ solid, then the acousticwave
is reflected back on the samecreating a resonant cavity.

The resonance frequencies are A E &i\t® be recorded due to the presence of the glue
layer, which doesnot give a significant feedback signal at the transducerlevel, there-
fore resonant frequencies are A E & Adttad®; in theorythe AE & OAA&E E Fsholld
increase significantly when the resonant frequencyis seleced. The thermal gradients
are significant due to the RF power level neededto achieve a reasonable AE & OAAOET 1
A &A E A% B30% for polarized light).
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Figure 6.17: Quasioollinear Calomelcell, top and lateral view(a), wherethe acousticx A1 EX 1 &
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6.16 Calomel AOTF devices

AOTTFs realisedin Calomel and other crystals, which cannot be put in contact with
non-noble metals, require particular attention in the designprocess of the housing,in
order to remove the heat generated by acousticwaves. Temperature stabilization can
be achieved by two A E & & éndans:oneis usingdouble Peltier heat pump gluedto the
top and bottom faces or usingwater cooling. The AO cell would be mounted on Pyrex
glassin order to protect the cell and at the sametime to improvethe heat transfer to
the metal base,a schematic of the AOTFis shown in Fig.6.18

Cell base

Figure 6.18: Proposed AOTFassemblyto protect the Calomel single crystal from the cell base
made of aluminium alloy.

The cell baseis typically made of aluminium alloy, which cannot be usedin contact
with Calomelcrystal. The glassmount can be easily fixed using Cyanoacrylate glues.
If the solution usingthe Peltier is implemented then the two heat pumps canbe bonded
directly to the glasson the top and the bottom of the cell base.

The performance will be strongly dependent on the valuesof the missing photoelastic
constant (p44), the direct measurement is A & A Ab® thdiglue layer transmission coef-
ficient, which is unknown. The A & AcROE & ik @lliesof p,, is theoretically studied
in the next sectionand a techniqueto measure its value is proposed.

6.17 The A & A dnQ@he AOTF performance of paa

The A & Aok, has not beenconsidered in the previous section, becauseno value is
reported in the literature to the knowledge of the author in literature. One of the A E-&
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culties in estimating p,4 is causedby the necessty of developing non standard bonding
processes,where the acoustictransmission coA & AnE &f the bonding layer can not be
estimatedtheoretically with O O & AtBcBuacy.

The AOTF performance can be estimatedfor A E & i @dfuesof p,,, whichony A3 AA OO
the RF power versusA E & O AMGAHE). IThe peak A E & O AR Al ehtithated
theoretically for three A E & it @ales of py, =[M.5, 0.0, 0.5] (Fig.6.19), asit is possible

to notice that the signand the magnitude of p., significantly A & A &hég@rformance. If

the unknown photoelastic constant hasa negative sign, the RF power increases rapidly

to an impractical level.
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Figure 6.19: RF power for peak A Hattion A &A E A(PBA) versus wavelengthfor three
A E @k valuesof py(left). Amusto-Optic figure of merit versus wavelengthfor the three
A E @k values(right).

The estimation of ps, for Calomelis of major importance;a solution is proposed and
theoretically could be extendedto any other AO materials where a non-standard bond-
ing technique is used. The methods described here allow oneto eliminate uncertainties
in acousticcoupling which would otherwise make this method indirect and henceinac-
curate. The acousticimpedance mismatch between Hg,ChL and TeO, can be estimated
theoretically by assumingdirect contact betweenthe two crystals, consequently for
a given direction of the acoustic wave inside calomel, it is possibleto determine the
best orientation of the tellurium dioxide substrate. The acousticimpedanceis defined
asZ(dy) =} \d,), in caseof TeO, the acousticvelocity is estimated from EQq.3.30
substituting V119 = 616 m/s and Vyo; = 2104m/s and the density (}) is equalto
5990 Kg/m3[17]. The reflection coA @& AnEofthe acousticwave travelling from TeG,
to Hg,CL is determined by [17]:

_ Zreo, MZugcl,

T=
Z1 c0, + Zhg,cly

(6.10)
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where the acousticimpedance of each material depends on the direction of propagation
of the acousticwave, the generalsolution is shown in Fig.6.1(b), assumingthe config-
uration in Fig.6.1(a).The maximum transmission coA & AnE dchievableis equalto 90%
not considering the A & Aoftfe bonding layer.

6.18 Evaluation of photoelastic constants

The photoelastic constants canbe estimatedby the AE & O AA & K E Kd) Aetsus RF
power appliedto the ultrasonic transducer estimatedby Eq4.9, and reported below:

~

a___
MzL AP

20« H

d = sin?

where L, is the interaction length and H is the height of the acousticfield. The values
of M, (Eq.4.11) for a given wavelength, RF power, and H/L , ratio can be obtained
experimentally from Eq4.9, hencethe value of petr (EQ.4.30) is theoretically estimated.
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Figure 6.20: The estimagd value of ps4 versusthe glue attenuation (a) and the value of pfsﬁ
versuspa4 for Calomeland the value for TeO;.

The missingphotoelasticconstant can be inferred by solving Eq.6.5to estimate M,

H&
My = Lp 2 arcsind) (6.11)
then pesr IS obtained solving Eq.4.11
a
} \(da)®

Perr = WMZ (6.12)
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and p44 Is equalto _
_ Perr Mpdsin(da) cos(dy)
cog(da) sin(dy)

using Eq4.30. A possible value of ps, can be estimatedfrom the measurement on the
first prototype of the AOTF made of Calomelwith d, = -85.0 [deq, d; = 15.13 [deg],
where the glue layer attenuation and the acousticimpedancemismatch theoretically
reduce the acousticpower between 0 dB 20dB. The A E & O AAEAEE| Al cAnididered
fixed to 40 % for 1.8 W appliedto the transducer in order to obtain comparable results.
If a variation of the attenuation is introducedby the glue layer in the model then the
acoustic power inside the AO cell is reducedand the A & A E Afithe BO interaction
increases becauseD.E. level is achieved for lower acoustic power inside the AO cell,
hencethe pess increasesasshown in Fig.6.20(a).

The experimental results of the first prototype with a bondedtransducerto the 6 &
face shows that the attenuation of the acousticwawve is about 6 dB, when crossing the
interface between TeO, and Hg,Cb; if it is assumedthe sameproperty are applied to

P44 (6.13)

the bond layer to the & #féce,then the A & Av& Pdiver inside the Calomelcell is equal
to 0.6 [W] for a RF power level of 1.8 W giving a A E & O ABAGNEE Abt 40 th at o=
1.550 ym , and H/L = 0.625. The inferred pes = 0.010 from the experimental results
and consequently ps, = -1.6 (Fig.6.20(b)). The negative value of py, isA & A AGegd C
tively the achievable performance in the long wavelength region (> 4.5um) as stown
in Fig.6.19. The bond layer properties have beenassumedthe same,in reality the glue
layer properties are strongly dependent on the bonding process,chemical composition
, and environment A & A At®@@fore repeatableresults are not achievedat the current
stageof development.

Due to the unknown transmission coA & AnE éf the adhesive layer between TeO, and
Hg,Cb, it is not possible to directly estimate ps4, but the missing photoelastic constant
can be estimated usinga specially designedacousticcoupling prism with two transduc-
ersat A E & it @ridntations, allowing exclusionfrom the measurements the coupling
coA & AnE Between this prism and the Hg,Cl, crystal.

6.19 The AO interac tion

The acousto-optic interaction has beentheoretically estimatedfor two A E & ik @dbus
tic directions. The acoustic wave directions have beenselectedto achieve the phase
matching condition for a givendirection of electromagnetic radiation. In the first inter-
action the acousticwave propagates along the <110> and the transmission coA & AnE A
is estimatedfrom the didraction A & A E Adr A given RF power at a fixed wavelength,
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becaused, = " /2 and pess = (P11 Mp12)/2.

The second AO interaction is obtained for an acousticwave propagatingalonga A E & A O
ent direction, in order to maximizethe acceptanceangle,the phasematching condition
betweenthe 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 onthe TeQ, prism is determined applyingthe 3 T A1 1
Law, at the interfaceFig.6.22(a):

Qu

singi _ sing:
Vreo, () VHgocrL,(dh)

(6.14)

where d; and d; are the directions relatively to crystallographic orientation of the inci-
dent and transmitted elastic waves,and g; and g are the directions to the normal of
the interface. The solution of Eq.6.14is found numerically, becausethe phasevelocity
change with direction inside the crystal due the anisotropic nature of the materials.
Due to the anisotropy of the material the walk-l 3of the acousticwaveshas beeneval-
uated in order to determine the direction of the acousticenergy, in order to finalize the
practical design.

Z [001]

t[110]

Figure 6.21: K-space diagram for the AO interactions with dyy = /2 and dy, arbitrary

6.20 Calomel cell configurat ion

The orientation of the input faceis designedto satisfy the parallel tangent matching
condition for a given direction of the acousticwave (M), and the secondtransducer
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is oriented along<110> direction to estimatethe coupling coA & AnE A

The two AO interactions are configured in order to have the sameinput direction, but
the RF frequency required to satisfy the phasematching condition should be the same
in both caseto have similar acousticwavelengthat the interface between TeOQ, prism
and the Calomelcell. For this reasonit is advisableto usetwo A E & it @afelengths,
becausethe phasematching condition in caseof d, is achieved for a RF frequency below

10 MHz, where the ultrasonic transducer made of LiNbO; doesnot work A & AnflyA

A particular caseis proposedfor illustrati ve purposeswhere the AO cell had been

Sy
-~
Cd

v(e,)

Hg,Cl,

y

TeO,

(@)

Figure 6.22: Schematic of acoustic transmission between two material(a), configuration of
the AO cell made of Hg,Ch bonded with a TeQ substrate(b).

configured with an acousticdirection dy, = -80.5%and an input faceof d, = 20.0%under
parallel tangent matching condition. The expected RF frequency in the anisotropic AO
interaction is approximately equalto 77 MHz for &= 2000 nm for d, = -805" For the
acoustic wave propagating along <110> (for d, = - 909 the expected RF frequency
is too low for &= 2000 nm, therefore another wavelengthequalto &= 632.8 nm has
beenchosen, where the theoretical RF frequency is equalto 29 MHz.

The bonding faceof Calomelis parallel alongthe <001> direction andthe prism hasthe
following propagationdirection d;; = -7474%and d,, = -90%from the optical axis and
the anglebetween the T2 plane and bonding faceof Calomelis 15.26% The direction of
the first transducerhas beenconfigured between parallel faces,therefore two possible
measuremeants can be carried over to increase the accuracyof the measurement of the
transmission coA & AnE Bneis using a pulse-echoes technique, and one is evaluating
the A E & O AR\ Adr A glven RF power at a specificwavelength.
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Figure 6.23: Tuning relation between the acoustic field from transdwer T1, where the phase
matching is satisfied under the parallel tangent matching condition, and the acoustic field
from transdwer T2.

6.21 Experimental setup and theoretical performance

The AE & OA A @E E NérshdRF power for a givenwavelength is measured by means

of a standardlaser line test, which consists of a laser source, RF synthesizer, RF power

meter, and lock-in amplifier. The AOTFis alignedin order to achievepeakAE 8 OAAOET 1
A @A E Aor Both wavelengthsusing the lock-in amplifier with a sensor mounted on

an integrating sphere (Fig.6.24).

The available source are an He-Ne laserat 632.8 nm and diode laserat 2000 nm, both

vertically polarized corresponding to ordinary ray in the Hg,CbL. A dichroic mirror is

usedto superimpose both lasersonto the samepath,so they enter the Hg,CL crystal

at the samepoint and at the samed;. Due to the high refractive index and the ab-

senceof chromatic compensation at the output face,which is left parallel to the input

face, the A E & it Wakelengthsexit at A E & it @ndlesthus it is possibleto separate

them spatially. After the alignment is optimized, the RF powerfor peak AE A OAAQET 1
A @A E AviillABrecorded by relative measurement. Assuminga ratio L,/H equalto 2

then the A E & O AMSONE| Aterdut)RF power is evaluated by Eq4.9, for the first AO
interaction the RF power for peakA E & O ARAAEE] AH etithatedto be about 0.190

W. A margin of approximately 30% should be alloweddue to the theoretical acoustic
impedance mismatch between Hg,CL and TeO, for the selected acousticdirection dis-

regarding lossesintroduced by the gluelayer. From the value recorded the A & AoAtfe

glue layer may be estimated. From the secondtransducer, the OE AT OAOEAAI AE&40AAO
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Figure 6.24: Laser line test setupto measure A Haition A &2 A E AérshdRF power.

A @A E Averdut)RF power is estimatedfrom Eq.4.9with an allowance of 14% in prac-
tice due to acousticimpedancemismatch. The exact value of coupling coA & AnEid\
obtained from the measurement taken from the first transducer. Therefore the missing
photoelasticconstant (p44) may be estimatedusing Eq.4.9- Eq8.10.

The method described would allow the determination of the missingphotoelasticcon-
stant of Cabmel. The solution proposed allows the removal of the uncertainty due to
the transmission of the glue layer, whichis A & A Ab® &é thicknessand its physical
properties. Two experiments are plannedto determine the accuracy of this method.
The first one will be used to measure the actual coupling coA & AnE etween the Hg,Ch
cell and the substrate, and the secondone will be to measure the valuesthe missing
photoelasticconstant in Hg,CL. The method described cancelsout the unknown glue
coupling coA & AnE. At is envisagedthat this method canbe used asa generalmethod to
estimatethe value of the photoelastic tensor components of newand A E g Antder@ls
where onehasto rely on an acousticconnection of unknown transmissivity betweenthe
test material and the acoustic transducer, and wheretransducer bonding techniques
commonly usedin the acousto-optics industry cannotbe applied becauseof mechanical
and/or chemicalincompatibility.
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6.22 Conclusion

A feasibility study of AOTFs using Calomelsingle crystalsto extend the tunable range
up to 10 um wasundertaken. There are several challengesto overcomein order to
realisean A @& AnEd&vice which can be usedin the systemunder development in the
MINER\A project. Fom the theoretical point of view the value of M, in caseof the
slow shearinteraction is lower than that of Tellurium Dioxide, and the limited bire-
fringence, combinedwith long wavelengthcreate designproblems.

The limited birefringence leads to a low RF frequency reducingthe wavelengthrange
covered by a singledevice. A solutionmay be to increase d; at the expense of the M,
increasing the RF power versusA E & O AfAaéehdy. 1

The limitation for wavelength above 3 um hasbeendescribed in the previous chapter,
extending the wavelengthrange up to 10 um leadsto impractically high RF power
required to achievea suitable A E & O A A®&ny]leadingto strongthermal gradients.
These limitations, as explainedin the chapter, are mainly due to the chemical and
physical properties of Calomel single crystal, since a conventional A & AnE onding
technique cannot be used. A solution has beendevisedwhere the conventional bond-
ing technique and subsequent transducer reduction to the correct thicknessis realised
onaA O 4 dubstrate of choice,where this processis well known. The material of choice
for the substrate hasbeenfound to be Tellurium Dioxide, sinceit belongsto the same
crystal classmaintaining the continuity of the eigenvector between the two media, in
addition the acoustic impedancebetweenthe two materials maximizing the acoustic
transmission. The TeO, substratewith the ultrasonic transducer is bondedto the AO
crystal by meansof 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 configuredin parallel tangent matching condition shows
good agreement for the tuning relation but the RF power versusA E éctonA & AEAT AU
waslow due mainly to the presenceof the gluelayer. The non-collinear AOTFwasnot
tested before the end of the research period due to a commercial pressure.

In conclusion alsoif all the engineering challengewould be solved, the performance of
the AOTF are limited by the AO properties of the Calomel Crystal. If the bonding
technique is improved a resonant configuration may help to reduce the RF power con-
sumption, but the longer wavelength is about 8um, aboverequires the useofa A E & it O A
ultrasonic transducer. The Calomel single crystal is an Acousto-Optic material with
good performance using longitudinal wave [2]-[38]. In AO devicesexploiting the slow
shearinteraction, the performance in Calomelis limited by the low value of M, , which
in turn appearsto be limited by an dnfortunaO Avalue of p44 coA &ilnt.
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Chapter 7

Dual Polarization imaging AOTF

Imaging AOTFs are designedto satisfy the parallel tangent matching condition, where
the AO interaction is optimized for oneinput polarization. In a conventional imaging
AOTF,if the input is un-polarized broad band light then two orders are obtained as
output. The sourceof the two orders is simply due to the phasematching condition
satisfied for both polarization states,conventionally the two orders are defined as +15t
for the vertical polarization input and -1° for the horizontal input defined by the acous
tic direcion. The spectral composition of the centre wavelengthfor a given frequency
is A E & ik forAeach A E & O Aoriéd, Aviiich can be estimated theoretically by solving
the AO interaction for a given d; for each input polarization. The k-spacediagram for
this particular caseis shown in 7.1.
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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 d, = -71.123%and consequently d; = 55.574 as shown in

Fig7.2.
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Figure 7.2: Relation betweend, and d; for the two type of AQO interaction under the parallel

tangent matching conditions (right) and A E e the betweenthe two types of AO interac-
tions versusd; (left)

This AO interaction has an inherently high frequencyin the visible range, hencethe
acoustic attenuation restricts the aperture for practical devices. This limitation can
be overcome by selecting a wavelength rangeabove about 2 um. The acousticwalk-I &
and the angle of the input faceleadsto a cell of large dimensions,where most of the
material is not used(Fig.7.3), leadingto a devicethat is wasteful of material and in-
herently expensive from the manufacturing and material point of view.

40,59

Figure 7.3: Proposad dual polarization AOT Fdesign, where a @lead-zonedis marked and the
actual interaction lengthis shownin red.






