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Abstract

The design and application of high performance Acousto-Optic Tunable Filters (AOTFs)
is the topic of this thesis. The most common material commercially used to build

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

4.5 pm, 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 passband versus wavelength, RF power to achieve peak diffraction efficiency and
tuning range. One of the most relevant parameters which limits AOTF performance
is the RF power versus diffraction efficiency, which increases with 2. A practical limi-
tation has been imposed to 50mW /mm2, above these level thermal gradient affects
the performance. This level is easy reached for conventional AOTF for wavelength
above 2.5 pm. The reduction of RF power requirement is achieved by means of acous-
tic resonant cavities. The theoretical development and subsequent design of the first
resonant AOTF developed inside Gooch and Housego is carried out, and the exper-
imental results are in good agreement with the predicted performances. The results
obtained from the experience with resonant AOTFs lead to extending the wavelength
range from 180 nm up to 10 pum using different acousto-optic materials with limited
performance with conventional configuration. Crystal quartz is investigated to extend
the wavelength range down to 180 nm, this material is well known in acousto-optic
applications. The resonant configuration is particularly suitable for this crystal since
the advantage factor is particularly high thanks to the low acoustic attenuation. The
experimental results show good agreement with the predicted performances, leading to
a large aperture AOTF operating between 180 nm and 380 nm with RF power for peak
diffraction efficiency below 8 W. This is the first time that a resonantimaging AOTF
made of crystal quartz is reported in literature, to the best of the authors knowledge.
Calomel single crystal is investigated to realise an AOTF operating between 4.5 pm
and 10 pm. Due to its physical properties which are incompatible with conventional
manufacturing processes, different challenges (such as bonding the ultrasonic trans-
ducer) are solved by the author in orderto build a high performance AOTF. Despite



the preliminary results showing promise, the acousto-optic properties of the material
are limiting the achievable performance, at least for acousto-optic tunable filters, a
fact that does not seem to have been widely appreciated , and which cannot solved
by just pecialize the design. From the application point of view an optical spectrum
analyser based on AOTF technology is investigated, where a dual polarization AOTF
is developed in order to realize a spectrometer with a competitive price operating in the
wavelength range between 2.5 pm and 4.5 pm. The effects of the acoustic attenuation
on a large aperture AOTF is investigated theoretically and experimentally since the
performance is affected in the UV range leading to non-ideal operating condition, and
a solution is proposed to overcome this issue The results obtained will allow the design
of high performance AOTFs in the industrial environmentleading to a new types of
devices with enhanced performance.
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Chapter 1

Introduction

The study and development of Acousto-Optics (AO) devices started several decades
ago and their prevalent application was in lasers systems to perform different oper-
ations such: Q-switching in laser, light modulation, mode locking, pulse picking and
several other applications. It is possible to classify AO devices by the types of AO in-
teraction, which are identified by the acoustic mode selected and by the characteristic
of the material.

Acoustic field 1% order

/

Ultrasonic transducer

0™ order

Figure 1.1: Acousto-Optic device.

Acousto-Optic devices are realized by bonding an ultrasonic transducer to an AO mate-
rial, the former generates acoustic waves when an RF signal is applied. The ultrasonic
transducer when excited with an RF signal will generate acoustic waves propagating
inside the crystal generatinga travelling grating.

The acoustic optic interaction could be studied by considering the strain generated
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For short wavelengths below 380 nm, crystal quartz and KDP [3] may be used, both
crystals have challenges which are required to be solved before being able to build
AOTF. The crystal has small M, leading to elevated RF power versus diffraction effi-
ciency. KDP crystals have a modest M, but physical properties requires development

of special processes for polishingand bonding.

1.3 Acousto-Optic devices: Overview

There are several acousto-optic devices commercially available, which are used for dif-
ferent applications. A shortlist of the most common AO devicesis reported below.

¢ 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 as low as 4 ns.

e Acousto-optic beam deflectors allow an accurate spatial control of an optical
beam, where the deflection angle is dependent to the RF frequency applied.

e An acousto-optic frequency shifter (AOFS) increase or reduce the frequency
of the optical beam due to the Doppler shift. The sign of the frequency shift is
determined by the phase matching condition Eq.1.1

e An acousto-optic mode locker is a modulator used inside the laser cavity to
actively control the loss and induce a fixed-phase relationship between multiple

longitudinal modes of the laser cavity.

e An acousto-optic Q-switch (AOQS) is placed inside a laser cavity to control
the amount of light circulating inside the resonator. An AOQS in turned on
diffracts light out of the optical beam path within the cavity, increasinglosses
and reducing the Q-factor in order to build up the population inversion in the
gain medium. When the acousto-optic Q-switch is turned off, the losses within
the cavity are reduced very quickly, increasing the Q-factor and allows rapid

amplification to create a very high intensity, short pulse.

e An acousto-optic tunable filter (AOTF)where the RF drive frequency deter-
mine the center wavelength of the narrow passband changes. These devices have
the capability of fast random access tunable filters






1.4 Design procedure and industrial process to develop

AOTF

The AOTF prototype development was dictated by the hosting company which is
Gooch & Housego Ltd. Where the manufacturing processis done on site. The first
step is a feasibility study and optimization in order to determine the best performance
achievable minimizing the crystal dimension. The feasibility study is carried over by
different design routines developed by the author in Matlab and reportedin the ap-
pendix, which gives the information required to design the AO cell and the predicted
performances. The AO cell is processed in production after three technical drawings
are prepared and the Bill Of Materials with the described process is prepared and ap-
proved by the different area manager. Job cards are prepared and added to the queue.
The process is described in details in appendix D.

1.5 Motivation of the study on high performance AOTFs.

The performance of an AOTF could be defined as acoustic power required to achieve
peak diffraction efficiency. 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 generating thermal gradient inside the AO material [6],
affecting the performances and in some case damaging irreversibly the device.

High performance AOTFs can be built by careful design of the acousto-optic inter-
action, which is done by mathematical models introduced in design routines. Several
design routines were prepared by the author to predict the AOTF performances and
to compare the experimental results against the predicted performance.

The practical limitation applied on TeO, is 25 mW/mm?

of RF power, above this

the performance of the AOTF is affected and is difficult to predict with mathematical
models. This limit is easily reached for wavelength above 2 um in the case of imaging
AOQOTF, in orderto extend the range in the Infra-red (IR) up to edge of the transmis-
sion range, a special device was investigated working with acoustic resonant cavities
(Chapter 5).

One of the reason to investigate the enhancementachieved by the acoustic resonant
cavities, was the development of an AOTF working up to 10 um well above the trans-
mission range of TeO,. In literature are reported different birefringent materials which
can be use to realize AOTFs, such as Mercurous halide [7], single crystal tellurium [4].
Calomel single crystal was investigated in orderto extend the operational wavelength



range of AOTFs up to 10 pm to develop an AOTF for a system under development in
the MINERVA project FP-7 (Chapter 6), with some promising results.

Crystal Quartz is an AO material typically used in high optical power application such
as the AO Q-switch, where the AO interaction is peciali by the longitudinal acoustic
mode. This AO material can also be used for the slow shear interaction therefore an
AOTF can be built filtering wavelengths in the UV range downto 180nm. In the liter-
ature, other AO materials have been reported that can be used in similar wavelength
range, such as KDP, which has a better M, compared to Crystal Quartz. KDP crystal
requires special process during the polishing and bonding processes due to its physi-
cal properties. Crystal Quartz was investigated to realise AOTF for UV applications,
because all the processes involving the crystal quartz are well established in Gooch &
Housego Ltd., in order to improve the performance an AOTF in resonant configuration
has been designed and built and experimental results are reported in chapter ??.

1.6 Thesis structure

Approaching the study of acousto-optic is quite challenging because the AO interaction
relies on the interaction of the acoustic field with the optical field. The author decided
to follow the step of [6] introducing first the optical properties of the crystals (chapter

2) and then the acoustic wave in anisotropic materials (chapter 3). The theory of the
AO interaction is introduced in chapter 4. The study of the resonant AOTF made
of TeO, is reported in chapter 5. The study carried over for the AOTF based on
Calomel is reported in chapter 6, extending the wavelength range above 4.5 pm. The
Quartz AOTF has been investigated in chapter ??. A special case of an imaging AOTF
designed to work with dual polarization AOTF is reported in chapter 7. The effect of
acoustic attenuation in very large aperture AOTFs has been investigated in chapter 8.



Chapter 2

Optical properties of anisotropic

crystals for Acousto-Optic applications

2.1 Introduction

Acousto-Optic (AO) devices rely on the interaction between acoustic and incident elec-
tromagnetic waves, the optical properties of AO materials are summarized in this chap-
ter; the acoustic wave properties in AO crystals are the topic of chapter 2.

The choice of the AO medium is dictated by the transmission range and by the AO
properties, such as the acousto-optic figure of merit (M,), birefringence, and other
physical and manufacturing aspects. An analysis is necessary to verify that all the
aspectsrequired to build a functional devices are satisfied.

The wavelength range studied starts from deep-UV up to Long Wave Infra-Red (LWIR)
up to 10um, therefore different materials are required to cover this range. In practice

three different intervals can be identified [6]:

e 180 nm < A < 450 nm: Crystal Quartz [32] and KDP [42m]
e 450 nm < 4 < 4500 nm: Tellurium Dioxide (TeO,) [422]

e 1 > 4500 nm: Mercurous halides and Single Crystal Tellurium [32m]

The transmission windows of Quartz and KDP extend well above 450 nm but the
poor acousto-optic figure of merit compared to tellurium dioxide limits the use only
in the UV range [3], where the transmission of other AO materials is not efficient.

The same limit is applied to the IR material such mercurous halide (e.g. mercurous



chloride transmits from 450 nm up to 20 um) and single crystal tellurium (3.5 pm - 36
pMm). Hence for the wavelength range between 450 nm and 4.5 pm Tellurium Dioxide
is the common material of choice to 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 process is well established in Gooch and Housego Ltd. (UK).

The next section is dedicated to the optical properties of the crystals listed above,
where the data available in literature are examined to identify the best data set to be
introduced in the developed design routine.

2.2 Optical properties of Acousto-Optic crystals

The wavelength dependency of the refractive index can be described empirically by the
Sellmeier equation or in some case by curve fitting of experimental data.

The acousto-optic crystals investigated are all positive uniaxial birefringent crystals,
which are characterized by two refractive indexes surfaces identified by the polarization
state. The ordinary and extraordinary refractive index surfaces are related by the
vertical and horizontal polarizations, respectively.

In non optical active material the refractive index surfaces for birefringent materials
are defined for the ordinary polarization as a sphere of radius ng and by an ellipsoid
rotated about the optical axis with the minor axis equal to ng along Z and the major
axis perpendicularto Z equal to ng. The values of the refractive index in a plane

rotated about the Z axis for the ordinary refractive index is defined by:
No (4, ) = no (1) (2.1)

and for the refractive index of the extraordinary ray is:

No (A)ne(4)

Ne(4, 0) =
n2 () sin(#) + ng (4)? cos?(6)

(2.2)

where ng is the extraordinary refractive index for perpendicular propagation direction
to the optical axis. The refractive index surfaces in the k-space diagram are shown in
Fig.(2.1(a)) in absence of optical activity.

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

studied in the wavelength range 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 also charac-
terized by optical activity. If the optical activity is introduced then the two surfaces are
separated by a quantity J at the optical axis, which affects the shape of the refractive

index surfaces.

no rlE

(b)

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

The magnitude of § is wavelength dependent because the optical activity is related
to the optical rotatory power, which is dispersive with wavelength. The effect of the
optical rotatory power is to rotate the polarization of plane wave propagating along the
optical axis. This effect has been studied for long time and in literature are reported
the values for different optical active crystals [8][9][10] and it is used to realize rotators.
In general, the rotatory power is defined by p [deg/mm] and its sign is defined by the
handiness of the crystal. In this thesis the sign convention used is described by Nye [8],
where for left handed quartz the rotatory power is considered negative, and for right
handed quartz is positive.

The handiness will affect only the rotation direction, and has to be taken in account
for devices with input direction close to the optical axis (such as acousto optic pecial-
tor), in other AO devices the handiness is relevant only during the orientation of the
crystal, because we deliberately choose to operate away from the optic axis to keep the
eigenstates of polarization approximately linear.

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

trary wavelengthis defined by:

_ 1,0

="

(2.3)



where I'(0) is the activity tensor along the optical axis. A simplified model is introduced
by Xu and Stroud [6] where ¢ is a constant deformation of the refractive index surfaces
only at the optical axis, hence both surfaces become ellipses and the new ordinary and

extraordinary index surfaces are defined by:

2
o(0) = No(1 = 9) 2.4
e(6) n2 (1 — 6)2 sin’(#) + n2 cos*(6) (&%)
ne(0) = A Mo (1+9)Ne (2.5)

n2 (1 + J)? sin®(6) + nZ cos?(6)

with ¢ defined in Eq.2.3. This approximation is only applicable for small angle of
propagation from Z axis; if extended to the whole plane this model leads to a wrong
estimation of the optical activity magnitude, because the perturbation of the refractive
index surfaces is still present for propagation far from the optical axis and disappear
only for direction perpendicularto the optical axis, this model is also reported by
Simons et al.[11], where the polarization of the light travel unchanged only for direction

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

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

Ideal crystal applying the model described by Xu and Stroud [6] is shown in Fig.2.2(a),
as expected the effect of the optical activity disappears only at a direction perpendicular
to the optical axis (Fig.2.2(b)). Experimentally it has been seen that the optical activity
effects become negligible after a critical angle, which is material dependent, hence the
previous model shows its limited validity for direction far from the optical axis.

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

the optical axis introducing the gyration tensors (G)[8] for two directions one parallel
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and one perpendicular to the optical axis. This model allows to extend the validity of
the optical activity effect for any propagation direction, because the gyration scalar is
defined as:

G = gjjlil; (2.6)

where g;; are the components of the gyration tensor, and l; and l; are the cosine

direction. The rotatory power is equal to:

p= 5 2.7)

AN
where N = \/m stands for the geometric mean refractive index. The optical activity
is introduced using the activity tensor I" in [6], which is related to the gyration tensors
by:
[ij = nin; G (2.8)

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

]
. gu 0 O .
gij =0 0 g 0 [ (2.9)
0 0 0s3

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

011 C0S% 6 + (a3 sin® 0

5(0) = o

(2.10)

then for a propagation angle perpendicularto the optical axis (§ = 0°) the optical
activity creates a perturbation proportionalto 6 = g;;/(2n2), and for a propagation
direction parallel to the optical axis becomes ¢ = g33/(2n20).

The optical activity is introduced to investigate the different aspect related to the
AO material used such as handiness and birefringence and its magnitude for different

materials is reported in the next section.

2.4 Optical Properties of Crystal Quartz

The refractive indexes of crystal quartz is reported by Ghosh [12] and extensive study
has been done to fully characterize the wavelength dependency of the material. The

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



lators: ~
BA? D2

n= A+ oo (2.11)

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

in Tab.A.1. The ordinary and extraordinary refractive indexes of crystal quartz were
considered only in the region of interest for specific AO applications; they are shown
in Fig.2.3(a); the variation of the birefringence with wavelength is shown in Fig.2.3(b).
Crystal Quartz is an optical active material, therefore the polarization of the light
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Figure 2.3: Refractive index of ordinary, solid line, and extraordinary ray, dotted line, for
the wavelength range of interest (left). Birefringence versus wavelength (right).

Undergoes to a rotation while propagating inside the crystal, and the perturbation of
the refractive index surface is described in the next section.

2.4.1 Optical Activity in Crystal Quartz

The gyration tensors for crystal quartz are reported in literature for A = 510 nm by Nye
[8] and are equal to gj; = F5.82x107° and gg3 = +12.96x10°, where the right-handed
quartz is for the upper sign and the left-handed quartz is the lower sign. The value
of 0 is estimated introducing Eq.2.10 for a given wavelength. The dispersive nature of
the gyration tensor has been investigated by Arteaga[13]:

ALB
gii = m (2.12)
with A expressedin meter and the constants A; and B; reported in Tab.2.1 for a

wavelength range between 200 nm and 800 nm. From the values of gj obtained from
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gii | Handiness A; B;

811 LH 27.7E-3+= 1.7E-3 | 105.6%5.7

811 RH -29.8E-3%+ 1.5E-3 | 91.1%+4.2

g33 LH -60.9E-3+ 0.2E-3 | 97.54%0.05

833 RH 60.4E-3+ 0.5E-3 | 97.33%0.05

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

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

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

_ 7033
p(A) = s (2.13)

which has been compared with the values reported by Bagan et al.[9]. The rotary
power has been measured for a wavelength range between 0.408 pm and 1.565 pm
propagating along the optical axis and a best-fit relation is reported:

A A

p(A)=a; +ae 4+ e s + age (2.14)

where a; = 1.65569432, a, = 1104.28722386, a3 = 0.09862624, a, = 181.71620197, as
= 0.05857032, ag = 88.56794745, a; = 0.35912872.
There are no values reported for the other gyration tensor g;; for a broad wavelength
range, but only for A = 510 nm, which is confirmed by [13]. The validity of the results
reported by Arteaga et al. [13] and by Bagan et al. [9] in the wavelength range within
200 nm and 800 nm is shown in Fig.2.4(a), and the related error with the Bagan values
is shown Fig.2.4(b).
The best-fit curve accuracy drops for wavelengths below 400 nm, and cannot be used in
case of AOTF design. An angle where the optical activity is absent could be determined
from Eq.2.10, solving

f(0) = 911 c0s? 6 + Qg3 sin% 6 (2.15)

in the wavelength range from 200 nm up to 800 nm the critical angle where the optical
activity is zero changes with wavelength as shown in Fig.2.5.
In conclusion two different set of values has been found in literature, for A > 400 nm

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

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

crystal quartz.
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Figure 2.5: Variation of the critical angle with wavelength.

2.5 Tellurium Dioxide

Tellurium Dioxide has a transmission range from 380 nm to 4.5um. In the literature are
reported different values of the refractive indexes obtained from experimental results,
Uchida [14] measured the refractive indexes for the wavelength range up to 1 pm using

the Sellmeier’s formula with two oscillators. In order to extend the refractive index
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values to the whole transmission range of TeO,, new values have been searched in
literature. Berny et al.[15] published a later study on refractive index of TeO, extending
the measurement up to 4.5 pm, and proposing the following dispersion formula:

\/

B

where the constant are reportedin Tab.A.2 and in Tab.A.3 for the ordinary and ex-
traordinary refractive index, and A is expressed in micrometers .

A later study has been reported by Georgiev et al. [16], where a fitting to improve
the accuracy of the available data from 2 pm up to 4pim has been proposed using the
following equation: N

A C
n= 1+ e o (2.17)

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

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

The different dispersion formulas had been compared to highlight any discontinuity and
discrepancy. The dispersion equations for the refractive indexes show similar trend but
their validity ranges are extended up to different wavelengths. A discontinuity in the
vicinity of 4.5um using Eq.2.17 is visible, therefore particular attention has to be paid
when in the AOTF design process. The change of birefringence with wavelength shown
in Fig.2.7 highlight the limitation of the Sellmeier equation from [REF1] - [REF2] -
[REF3], leading to a discrepancy between the theoretical and experimental results on
the tuning curve of AOTFs.

The different dispersion formula have been introduced on the AOTF design routines



—0.12 ! ! ! ! ! ! ! !

|
=
—_
.
T

Birefringence
s
o

|
e
—
s3]
T

~—e REF6

o

—01 I I 1 1 I I I 1
%.D 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.

Figure 2.7: Change of birefringence with wavelength using the dispersion equations reported
in literature.



17

Develop, and the prediction have been compared to the experimental results obtained
from commercial and prototype devices built in G&H.

2.5.1 Optical Activity in TeO,

Tellurium Dioxide (TeO,) is an optical active crystal characterized by strong optical
rotatory power. The optical activity along the optical axis has been investigated by
Bagan et al. [9] and its wavelength dependency [deg/mm] is defined by a best-fit
equation:

[

o(1) = 43.2 17.7 1

J2-0.08099716 12— 0.04293184

(1.008 — 0.03724) ! (2.18)

with A expressed in micrometer and valid in the wavelength range between 408 nm
and 1.565 pm. The value of the gyration tensor g33 could be estimated from Eq.2.18.
The other components of the gyration tensor (g;;) 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 different wavelengths is reported. Due
to the high birefringence of the material the accuracy achieved is quite low for this
component of the gyration tensor.

In case of TeO, experimental results obtained from AOTF testing show that in practice
the effect of the optical activity become negligible when the propagation direction of
the electro magnetic wave is above 10° from the optical axis.

In conclusion, the optical activity of Tellurium Dioxide (TeO; ) requires further research
activity, although the high birefringence limits the accuracy achievable of the optical
activity along the perpendicular direction of the optical axis. The model described
by Xu and Stroud [6] is not valid for propagation direction far from the optical axis,
because the presence of the gyration tensor (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 as Calomel single crystal, has an extended transmission
range from 450 nm to 20 um and it has been selected has a candidate to develop AO
devices for wavelengths > 4.5 um, under the MINERVA Project, which is an EU



framework 7 project'. The dispersion formulas of the refractive indexes are obtained
from an internal document released by BBT, which is a crystal growth company part of
the consortium of MINERVA pecialized on growing Calomel crystals with good optical
quality.

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

with wavelength using a polynomial fitting from experimental data:

N = 1.898 + 1.5 x 10°EZ +3.7 x 107 *E} + (2.19)
+7 x 107°ES, + 4= 107'E} + 5= 107 °E)
Ne= 2444 +387 x 107°E3, +1.73 x 10°E], + (2.20)

+4.5 x 107°E) +3.46 x 10 °E5, +3x 10 'ELD
with the photon energy E, [eV] defined by:
Eph = — (2.21)
where h is the Planck’s constant, c is the speed of light and A is the wavelength in

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

refractive index is shown in Fig.2.8.
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Figure 2.8: Refractive index values vs. wavelength for Calomel Single crystal

The accuracy of these equation has not been verified experimentally due to the lack of
suitable equipment in G&H, but from AO experiments it is shown a good agreement
with the values obtained from Eq.2.19- Eq.2.20.

lhttp://minerva-project.eu/
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2.7 Conclusions

The refractive index values and related birefringence of different AO materials have
been reported. In case of crystal quartz the refractive index is well characterized in
UV and visible region and for AO applications the wavelength interval of interest is
between 200 nm and 450 nm. The refractive indexes of tellurium dioxide (TeO;,) has
been measured for A < 1pm by Uchida [14], and different dispersion equations have
been found in the literature for 1 pum < A < 4.5 ym. The accuracy of the refractive
index values is relevant on the performance predictions of AOTFs, and it will affect
the design routines.

Tellurium dioxide and crystal quartz are optically active, and the introduction of optical
activity inside AO interaction physics is reported in the literature [6] but it is only
applicable to an optical beam propagating along the optical axis. AOTFs typically
are designed with an incident direction far from the optical axis, therefore a different
model has been introduced, which extends its validity to any direction in the AO
plane. Crystal quartz is fully characterized and the values of both gyration tensors
are reported; in case of TeO, only one value of the gyration tensor has been found in
literature and it is proposed a possible values for the other gyration tensor (gs3) by
Kaminsky [10].
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Chapter 3

Acoustic waves in anisotropic material

The fundamental equations to described the acoustic waves properties in anisotropic
crystals are reported with particular attention to the phase velocity and acoustic walk-
off for all the pure acoustic modes, which could be excited by conventional ultrasonic
transducer as described in appendix C.

The properties of acoustic waves depend on the propagation direction and on the
selected mode, due to the anisotropic nature of the material under consideration. The-
oretical models to predict the properties of acoustic waves in anisotropic materials are
introduced this chapter, where the phase velocities and related acoustic modes are ob-
tained from the solution of Christoffel equation with the help of the point restriction

symmetry of the crystal.

3.1 Anisotropic crystals symmetry

The symmetry of the AO crystals is applied to study acoustic wave propagation in
anisotropic materials [17] with the help of symmetry point diagrams, which allow to
determine the position of reference axes inside the crystals.

The point group restriction is obtained from the symmetry point diagram and reducing
the complexity of Christoffel equation’s solution. The AO materials examined listed
belong either to tetragonal or trigonal crystal symmetry, thus no other crystal symme-
tries are examined in this thesis.

The point diagram symmetry for the trigonal class 32 is shown in Fig.3.1(a), where
there are three axes of two-fold symmetry (120° apart) and one axis of three-fold sym-
metry perpendicular to the former. The axes in the plane perpendicular to the optical

axis are separated by 30° as shown in Fig.3.2, for example rotating clockwise the plane



Figure 3.1: Point diagram symmetry for crystal class 32 (left) and 422(right)

of 30° about the Z axis starting from the positive direction of the X axis the negative
direction of Y is selected. The low symmetry of the trigonal is affecting the symmetry
of the phase velocity in anisotropic material thus particular attention is required when
orienting the crystal, because the positive directions of axes need to be identified cor-

rectly inside the crystals.

v

/

Figure 3.2: Axes orientation and position in a perpendicular plane

Crystal Quartz and single crystal Tellurium belong to this crystal class.

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

3.2 Acoustic wave in anisotropic material

The analytical solution of acoustic phase velocity has been investigated in order to cre-
ate mathematical model which could be implemented easily inside computer routines
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to be used in the design process of prototype and commercial devices.
The first step is to study the phase velocity of each acoustic mode in the three dimen-

sional space and on the specific plane of interest for the AO interaction by means of
routines developed in Matlab and Python.

A
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Figure 3.3: Reference angles and displacement of different acoustic modes.

In general, the phase velocity of elastic waves for an arbitrary direction is estimated by
solving the Christoffel equation [?]:

[Tij — pV2635]vj = 0

[ij = likcklyj

(3.1)

where p is the density of the material, V is the phase velocity, and v; = ou/ot, where
u is the particle displacement vector, and [l;k] is equal to

(] [
Ik 0 0 0 I, |
Bl=H0 1, 0 1, 0 Lo (3.2)
0 01, Ik, O
where
Iy = cos(¢)sin(6) (3.3)
l, = sin(¢)sin(0) (3.4)

I, = cos(0) (3.5)



where 6 is evaluated from [001] direction, and ¢ is evaluated from [100] direction
(Fig.3.3)
(1] = NiK] (3.6)
and [Ck ] is the elastic stiffness matrix defined in compact form described by:
(] U
Ci1 Ci2 Ci3 Cis C15 Cge
H Ci2 C2 C23 Cp4 C25 Cz6

C13 Cp3 C33 C34 Cz5 Cgg
k]l =T (3.7)

I B N A

ﬁ Ci4 Co4 C33 Ca4 Css5 Css
Ci5 Cx5 C35 C34 Cs5 Csp
Ci Co6 C3s Css Cs6 Ces

which is simplified by the point group restriction dictated by the crystal symmetry.
The phase velocity and its polarization are determined by the eigenvalues and eigen-
vectors obtained from the solution of Eq.3.1. Only a maximum of three eigenvectors
are obtained in anisotropic crystal identified by the eigenvector direction. The longitu-
dinal mode (L) has the particle displacement along the propagation direction, and the
slow-shear (SS) and fast-shear (FS) modes have the particle displacement transversal
to the propagation direction.(Fig.3.3).
In generalthe phase velocities in solids is obtained by the eigenvalues of Eq.3.1
N

V = 4 (3.8)

p

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 class introducing point groups symmetry, in particular the
trigonal (32,3m,3m) is examined to study the acoustic wave propagation in Crystal
Quartz. The tetragonal class (4mm, 422, 42m,4/mmm) symmetry is applied to study
the acoustic waves in Tellurium dioxide and Calomel.

3.2.1 Walk-off of acoustic velocity

The acoustic energy in general anisotropic crystals propagatesin a different direction
to the phase velocity, and it is theoretically estimated by the Poynting theorem [17].
This effect is known as acoustic walk-off and it is defined as the normal to the tangent

of the slowness surface for a given direction of the acoustic wave; the angle A between
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the phase and the group velocity is defined by:

oV (0
tan(4) = \/E@)—ag) (3.9)

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

A
A
]
]
]

A

I
[

V

>

Figure 3.4: Definition of acoustic walk-off

is an important parameter needed to complete the practical design of the AO device,
in order to avoid uncontrolled acoustic reflection inside the AO devices affecting the

performance.

3.3 The acoustic attenuation in solids

The Christoffel equation described in Eq.3.1 describes an ideal material without internal
energy losses. Materials of this type do not exist in nature, therefore additional term
related to the elastic damping need to be introduced, defined as acoustic attenuation.
These additional terms depend on the propagation direction in anisotropic crystal, and
is expressed by the viscosity tensors (#7ancq) Of the material symbolically described by

[17]:
0Scq

ot

where ¢ is the elastic stiffness constant, S is the strain tensor and T is the stress

Tab = CabcdScd + Nabed (3.10)

tensor. The system can be described by the model, where the acoustic power is related
to an applied force to a mass attached to a spring and the acoustic attenuation is the
damping.

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



approximated by:

) _o’nij(0a) P
Aij (f, t9a) = 2Cij (ea) Cij (ea) (3.11)

where w = 2zf, and the acoustic phase velocity is defined by Eq.3.8 with A4; = ¢;;(0a),

thus Eq.3.11 can be written as:

27252 5(0,)

0 =vayr ,

(3.12)

The effective viscosity is estimated solving the Christoffel equation introducing the
dumping components #;; in Eq.3.1. The detailed calculation is reported in appendix
E. Acoustic attenuation is important, for example when estimating the performance of
an AOTF with large aperture.

3.4 Tellurium Dioxide (T €O;)

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

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

simplified applying the restriction due to the point group symmetry of the tetragonal
crystal class: m m

Ciu Ciz Ci3 O

Ciz Ciu Ci3 O

y] = T Ci3 Ciz Cz O

g 0 0 0 Cu

00 0 0 0 cu

0 0 0 0 0 cg

(3.13)

o © o o
o o ©o o o
Croroobrr

In the literature are reported several values for the elastic stiffness tensor compo-
nents, furthermore the values reported in [6] are taken as a reference, thus ¢;; = 5.57
=x101°N/m?, ¢, = 5.12 x10*°N/m?, ¢;3 = 2.18x10°N/m?, ¢33 = 10.58x10°N/m?,
Cas = 2.59%10°°N/m?, cg5 = 6.59x10°N/m?2.

The three dimensional slowness curve is obtained by solving Eq.(3.1) for0 < ¢ < 7z and
0 < 0 < &. The slow shear mode is shown in Fig.(3.5). The slowness curve representing
the fast shear mode is shown in Fig.(3.6). The longitudinal mode is shown in Fig.(3.7).
Tellurium Dioxide is a piezoelectric material, therefore the acoustic velocity is affected

by it, but the change in acoustic velocity is negligible and not considered-
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Figure 3.5: Three dimensional slowness curve of the slow shear mode
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Figure 3.6: Three dimensional slowness curve of the fast shear mode



Slowness Curve - Longintudinal
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Figure 3.7: Three dimensional slowness curve of the longitudinal mode

Acoustic phase velocity in the [100]-[010] plane

Acoustic velocity in the [100]-[010] plane is obtained by substituting Eq.3.3- Eq.3.5 in
Eq.3.2 and in Eq.3.6. The slow and fast shear modes are degenerate and cross each
other at certain points of the space, therefore the solution of Eq.3.1 with Matlab solver
does not keep track of the correctacoustic mode, as shown in Fig.B.1, due to the issue
related to the linear algebra solver described in details in appendix B; consequently
the solution of the Christoffel’s equation cannot be directly introduced in the design
routines.
An analytical expression of the phase velocity can be easily implementedin a design
routines, for this reason Eq.(3.1) for a given direction of acoustic wave in space (X,y,z)
in TeO, can be simplified as:
0o J
A—pl? o1 o3 Vi
. o1 B —pr? o, OOv;O=0 (3.14)
03 09 C - sz Vi
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where

A = Cyy + [c11C08%(¢) + Ce6SIN*(¢) — Caglsin?(6) (3.15)
B = Cys + [C11SIN%(@) + CesCOS? () — Caa]Sin?(6) (3.16)
C= C44SiN?(0) + C33c08%(0) (3.17)
o, = 5[c12 + Cgg] sin?(6) sin(24) (3.18)
0y, = %[Clg sin(¢) + Cy4 cos(¢)] sin(26) (3-19)
o3 = Ca4 COS%(6) (3.20)

where the constants A, B, C, o1, 0,, o3 have been obtained using the symbolic calculus
toolbox available in Matlab, knowns as Mupad.

Acoustic velocities and polarization directions are evaluated from the eigenvalues and
the eigenvectors of the Eq.(B.1). The acoustic velocity in [100]-[010] is equal to:

Ciy +Cgs = (Cpo + Cgg)2 Sin%(26) + [Cas + C11(1 — 2 cos26)]?
V[é g = 11 66 (C12 66)° Sin g ) + [Ce6 11( cos®0)] (3.21)
' p

where positive sign refers to the longitudinal acoustic wave (L) and the negative sign
is the shearacoustic wave (S). The fast shearacoustic wave (FS) is determined by the
third eigenvector:

C
Vs = f (3.22)

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

Walk-off of the acoustic wave in XY plane

The wallk-off of the acoustic wave along in the XY plane is determined by f(6) for
the shear acoustic wave is equal to has been calculated using Mupad and deriving the

analytical expression of Eq.3.9 for specific planes:

4(Cq1 — Cog)? sin®(6) cos®(6) + (C1p + Cgs)? sin(46)

f(0) = 3.23
@ 4pV2(0) (Cas + 011 — 29V2(0) G2)
and for the longitudinal acoustic wave:
£(0) = 4(Cyy — Cep)? sin’(0) cos3(6) + (C12 + Cop)? sin(46) (3.24)

4pVE(0)(2pV 2(6) — Cos + C11)
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Figure 3.8: Slowness curve of the three acoustic wave mode in TeO in [100]-[010] plane.

The acoustic walk-offis shown in (Fig.3.9)
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Figure 3.9: Acoustics walk-off in XY plane for TeO;

This solution has been compared with the results reported in [18]
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Acoustic Velocity along t[110]-Z[001]

The t[110]-Z[001] plane is the preferred plane for the slow shear AO interaction [6] and
it is selected rotating the references plane about the Z axis of z/4 from [100] direction.
The rotation of the reference axis is obtained by using the coordinate transformation

matrices M, (Eq.A.3) applied to the elastic stiffness constant matrix

ek ] = Mo (O)][ck JIM, (0)]' (3.25)

where 6 is the angle of rotation about the Z axis. The new elastic stiffness constant

matrix for a rotation equal to z/4 becomes:

, ’ (]
, Ci3 C C 0O 0 0 _
Ck ]=0 13 M3 s | (3.26)
0 0 0 C44 0 0 '—
% 0 0 0 0 Csq 0 [l
0O 0 0 0 O cge
where
, C C 2C
¢y = T 122+ £ (3.27)
. Cyqy + Cyp — 2C
Cpp = (3.28)
v Cit —C
066 - —11 2 12 (329)

Introducing (Eq.3.26) in (Eq.3.1), the velocity of acoustic wave for a given direction of
6, which is defined from [110] direction, for the slow shear mode can be defined as:

C5C0S?(6) + CasSiN?(6)

V¢ =
S p

(3.30)

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

Cag + Cgz + [C], — Ca3] cos?(0) % o1
Vit.os) = = 2 (3.31)




where

\/

o, = [(C33 — 2Cyy + Cil)sinz(ﬁ) + Cyq — C,ll]z + (Cl3 + C44)23in2(29) (332)

The slowness curve of the t-Z plane in TeO, is shownin Fig.3.10. The inverse of the

Figure 3.10: Slowness curve in tZ plane

acoustic wave of slow shear mode described by Eq.3.30 is a geometrical ellipse in a
polar representation, where the slowest velocity is along the [110] direction and equal
and the fastest velocity is along the optical axis. This plane is of primary importance
in the design of AOTF made of TeO,, because the AO interaction is characterized by

a high acousto-opticfigure of merit (M,) due to the extremely slow shear velocity.

Walk-off in t-Z plane

The acoustic walk-off defined by Eq.3.9 applied to the acoustic mode in the t-Z plane
could be solved by:
tan(A) = () (3.33)

where T(6) is defined by the acoustic mode considered and the propagation direction
defined by 6. The analytical expression of f{#) is obtained by using Mupad and simpli-
fying the expression obtained. The walk-off of the shear acoustic wave is determined

by:
e =sin(20)

fO=—"3u

(3.34)
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where V (6) is the acoustic phase velocity defined in Eq.3.30. The walk-off angle of the
FS mode could be defined by:

f(0) = — 2™ ez @rsen 7 * G~ )In(0)cos ) (3.35)
2pV2(6)

A = Ca3(C;; — 3Ca4 + Ca3) + Cag(2Caq — C1) (3.36)

B = C44(2C44 — 3¢y — C33) + Cq;(Cyq + Ca3) (3.37)

C = Acos(6)sin®(0) — Bsin(#)cos®(8) + (€13 + Ca4)*sin(26)cos(26) (3.38)

where V (6) is the acoustic velocity of the fast shearacoustic wave. The walk-off of the
longitudinal acoustic wave is estimated by:

C r -
£(0) = % D essint ) +cas 27 70) + (C1y — Caa)sin(6)cos(0)

20V2(0)

(3.39)

where V (6) is the acoustic velocity of the longitudinal acoustic wave where C is given
by (Eq.3.38)

60 T T T T T T
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Figure 3.11: Acoustic walk-off in tZ plane for TeO;



3.4.1 Acoustic attenuation in TeO;

The acoustic attenuation in TeO, is defined by Eq.3.12, where the effective viscosity is
defined by N

N(0a) =  Ngg SIN? O + 1744 COS? 0, (3.40)

where 775 = 0.5(11— 1112, for similarity to the structure of the elastic stiffness constant.
The values of the viscosity tensor of TeO, are not reported in the literature, but the
values of the acoustic attenuation for specific orientations and modes are reported in
[19]. The attenuation for the slow shear acoustic mode along [110] direction is equal
to @ = 19.8dB/cm and along the [001] direction is equal to a = 6.8dB/cm for a given
frequency. Introducing the acoustic attenuation values inside Eq.3.11 and solving for
1ij (0a), the values of Nes and 7744 could be derived and introduced in Eq.3.11.

« [dB/mm]

RF Frequency [MHZz] 60  -100 ]

Figure 3.12: Acoustic Attenuation [dB/mm] for an arbitrary propagation (6,) and RF Fre-
quency (MHz).

3.5 Mercurous Chloride (Hg;Cl,)

Calomel single crystal belongs to the same crystal class as TeO, therefore the theory
developed in the previous section may be applied but with different elastic constant
values. In literature the elastic stiffness constant values are ¢;; = 1.8925 x10'°N/m?,
Ciz = 1.7192 x10"°N/m?, c;3 = 1.563 x10°N/m?, ¢33 = 8.037 x10'°N/m?, ¢4y =
0.8456 x<10°N/m?, cgs = 1.225 =x10°N/m?2.[20].

The acousto-optic interaction plane considered is the t-Z plane, thus the slowness curve
(Fig.3.13(a)) for the three acoustic mode is obtained substituting the values of the
relevant elastic stiffness constant into Eq.3.30 - Eq.3.31.
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Figure 3.13: Slowness curves and Acoustic walk-off in tZ plane for Calomel Single Crystal

The minimum and maximum velocities of the slow shear acoustic waves are equal to
Vi = 384[m/s] and V, = 1084 [m/s], respectively. Calomel is characterized by large
acoustic walk-off with Ao« = 54.23° for 6 = 15.52° (Fig.3.13(b)).

3.6 Crystal Quartz

Crystal Quartz belong to the trigonal class (32) and the phase velocity is estimated by
solving Eq.3.1 applying the point group symmetry:

]

B Cin Cip Ci3 Cus
H Ci2 Ci11 Ci3 —Cyg
Ci3 Ca O

[cke] =T

C
s (3.41)
Ciy —Cis O Csa
0
0

o O O O

Ofrooro o

o © ©O © O

0 0 0 cyu
0 0 0 0 cg

where Cgg = (Ci1 — €12)/2, with cgs =3.987510%° N/m?, ¢4 = -1.79110°N/m?, cyy
= 5.79410'° N/m?, and p = 2651 kg/m3. A program has been developed in Matlab
to study the acoustic wave properties of crystal quartz in different planes where the
acousto-optic interaction could take place. A detector of the degeneracy of the acoustic
wave mode has been added to track the correct acoustic mode.



3.6.1 t-Z plane

The slowest velocity is situated on a plane rotated of z/4 about the optical axis,
similar to the t-Z plane in Tellurium Dioxide and selected applying the coordinate
transformation matrices Eq.A.1 and Eq.A.3 to Eq.3.41. The slowness curves of the
three acoustic modes are estimated substituting the rotated elastic stiffness constant

matrix in to Eq.3.1.
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Figure 3.14: Acoustic velocity (a) and slowness curves (b) of acoustic waves in the tZ plane
for crystal Quartz.

The degeneracy points of the acoustic wave were found by a dedicated Matlab routine
and is marked by dashed red lines in Fig.3.14(a) and by red dots in Fig.3.14(b). Similar
results were obtained for the slowness curve of other two planes rotated by 15° and 75°
due to the symmetry of crystal quartz.

The tZ plane seemed a good candidate due its low acoustic phase velocity but the
direction of the eigenvectors (Fig.3.15) is not matched by a conventional ultrasonic
transducer, leading to an efficient coupling coefficient between the ultrasonic transducer
and the AO cell.

3.6.2 XZ plane

The plane XZ has been investigated due to the symmetry to the reference axes and the
degeneracy of the acoustic wave limited only in two points (Fig.3.16). The degeneracy
of the slow and fast shear acoustic modes occur for 8, = 90° and 6, = 270°.

The eigenvector directions (Fig.3.17) are not matched by conventional ultrasonic
transducer. The angle ¢y, and 8y, are estimated from the acoustic plane.
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Figure 3.15: Direction of the eigenvectors of the slow shear mode in TZ plane for Quartz.
$pol is the rotation angle out of the plane and 6y is the rotation angle into the plane.
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Figure 3.16: Slowness curve of acoustic wave in the XZ plane in crystal Quartz.

A conventional ultrasonic transducer could efficiently excite a pure shear acoustic wave
only for ¢, = 0° and 6, = 90°.

3.6.3 YZ plane

The last plane investigated is the YZ plane, due to the symmetry of the material this
plane could be selected rotating the reference axis of -30° or 90° about the Z axis. The
phase velocity and the slowness curve of the slow and fast shear modes are shown in
Fig.3.18, calculated by a dedicated Matlab routine.

The eigenvalues of the slow and fast shear crossin 4 points which are for 8, equal to:
90.125°, 155.72°, 269.87°, 335.98°, and determined by the routine developed in Matlab.
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Figure 3.17: Direction of the eigenvectors of the slow shear mode in XZ plane for Quartz.
$pol Is the rotation angle out of the plane and 6y is the rotation angle into the plane.
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Figure 3.18: Slowness curve of acoustic wave in the XZ plane in crystal Quartz.
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In order to track the correct acoustic mode a simple solution is to swap the eigenvectors
in the range 90.125° < 6, < 155.72° and 269.78° < 6, < 360°, but this procedure could
lead to grosserror in the design procedure if not applied correctly.

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

for any propagation direction of the acoustic waves, where the direction ¢, = 90°
and 0y = 0°, where the switch between acoustic modes are shown at the points of
degeneracy.
=—=Fijg1 == 'Eig2 **** Degen — g1 = /Eig2 *eee Degenl
100 — : : 100 — : :
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Figure 3.19: Direction of the eigenvectors of the slow shear mode in TZ plane for Quartz.
$pol is the rotation angle out of the plane and 0y, is the rotation angle into the plane.

In conclusion, the YZ plane in crystal quartz has the polarization of slow shear waves
naturally perpendicular to the plane, hence an acoustic wave can be excited efficiently
using conventional transducer. The direct solution of Eq.3.1 help to track the correct
acoustic mode, but the estimation of the acoustic walk-offis cumbersome and difficult
to introduce in the AOTF design routines. After further investigation it has been found
that the slowness curve of the slow shear mode can be described by a geometrical ellipses

in specific planes.

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

Here we use an approximation to simplify the calculation of the relevant (slow shear)
acoustic slowness (dispersion) surface based on the same analytically simple expression,
i.e. conic sections, and slices through conic sections. It was found experimentally that
an ellipse has also proven to be an excellent approximation to the appropriate slice
through the slowness curve for the slow shear mode, but this time it needs to be tilted.

We therefore find that the acoustic slow-shear direction dependency in the YZ plane



of quartz is accurately described by:
V (62)° =V, cos®(fa+ arot) + V7 sin’(6a + aror) (3.42)

where V, = 3299.8 m/s, V, = 5100.5 m/s, and ayo = -31.6184°. The values of V,
V, and a has been found using a specific Matlab routine. Fig.3.20(a) shows the two

eigenvalues of the slow and fast shear obtained by the Matlab solverand the superim-
position from Eq.3.42. The error introduced by the approximation is within the range
of £0.0005 %. The acoustic walk-off angle (angle between phase and group velocities)
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Figure 3.20: Approximation of the slowness curve of crystal quartz(a) and error introduced
by the approximation (b).

is defined by Eq.3.9 and the analytical expression of the walk-off for the slow shear
mode is obtained substituting Eq.3.42 (Fig.3.21):

( cos(a + ;) sin(a + 62)(V — V2) )
A = arctan - — (3.43)
V.2 cos?(a + 0a) + VZsin“(a + 6,)

3.7 Conclusion

In conclusion this chapter was focused on the properties of the acoustic waves in
anisotropic crystals. The solution of the Christoffel’s equation has been investigated

only for certain crystal class symmetries, which belongto the AO crystal used to build
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Acoustic Walk-Off
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Figure 3.21: Acoustic walk-off of the slow shear mode in crystal quartz.

AO devices exploiting the slow shear interaction such as AOTFs. The analytical solu-
tion of the three acoustic mode has been found in specific planes of interest for different
materials, allowing to implement them easily in Matlab codes to study the acoustic re-
flection of the different modes.

Tellurium dioxide and Calomel belong to the tetragonal crystal and the properties of
the main crystal planes have been investigated. The direction of the axes is inter-
changeable thank to the high degree of symmetry in the crystal class.

In case of trigonal crystal, the positive directions of the axes have to be identified when
orienting the crystals, because the identification of the correct quadrant is relevant to
select the proper direction of phase velocity and related acoustic walk-off specified by
the acousto-optic interaction geometry. In chapter ?? is described a procedure devised
by the author in order to identify the correct quadrant by mean of piezoelectric test.
This easy test allow to determine the quadrants position inside the material, which is
of major importance when building an AOTF
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Chapter 4

The physics of the acousto-optic

interaction in anisotropic crystals.

An Acousto-Optic (AO) device is realized by bonding an ultrasonic transducer to a
suitable AO material. The incident electromagnetic radiation is diffracted when spe-
cific matching conditions are satisfied. Acousto-Optic Tunable Filters exploit the slow
shear AO interaction, where the acoustic propagation direction is determined by the
orientation of the transducer relative to the crystallographic axes; the acoustic phase
velocity is propagating in a direction as described in the previous chapter and the en-
ergy direction is estimated from the acoustic walk-off.

The different geometries of the acousto-opticinteraction are investigated in this chap-
ter from a theoretical point of view, and the results are introduced in design routines
for AOTFs.

4.1 Acousto-Optics interaction under the Bragg

condition.

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

tween acoustic waves and incident electromagnetic radiation is satisfied and described



by:
ke(% F.0,) = Ka(0a, ) + k(4 6) (4.1)
kyi = hdeM (4.2)
Ko=) (4.3)

where ng; (4) are the refractive index of the incident and deflected beam, V(8,) is the
acoustic velocity, and f is the RF frequency applied to the ultrasonic transducer.

In uniaxial crystals the refractive index depends on the polarization state and on di-
rection of incident electromagnetic radiation, conventionally the ordinary and extraor-
dinary refractive index are related to the vertical and horizontal polarizations, respec-
tively, where the refractive indexes surfaces are described by Eq.2.1 - Eq.2.2, which is
repeated again below:

No (A)Ne(4)

—_ ~/
e (0 = AN 7 sin @) + ne ()2 cos(0)?

where n, (4) and ng(4) are the refractive indices along the direction perpendicular to
the optical axis, and € is polar angle from the optical axis.

The phase matching condition described by Eq.4.1 is graphically represented in the
K-space diagram (Fig.4.1), where k; is the incident light, ky is the first diffracted order,
and K, is the acoustic wave. In this treatment angles are defined using the polar

t[110]

Ng Ng

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

definition from the optical axis, thus angle rotated clockwise are considered positive
and counter-clockwise are negative.

An AO interaction from ordinary to extraordinary polarization is defined as "EO” and
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viceversa "OE” defines the AO interaction from extraordinary to ordinary polarization.
From Eq.4.1 it is possible to define the tuning relation, which is the relation between
RF frequency applied to the transducer and the wavelength of the diffracted order for
broadband incident light.

The general solution of the phase matching condition is defined by applying simple
geometrical calculation in the space diagram:

Nng(4)(tan 8, cos 64 — sin 63) = n;(A)(tan G, cos 6; — sin 6;) (4.4)

where ng, nj, 6; and 6, are defined by the specific AO interaction. The relation between
RF frequency applied to the ultrasonic transducer and the wavelength of the diffracted
order, is known as the tuning relation, is defined by a simple vector subtraction and
confirmed by Gass[21]:

\/

- V(fga) Ni(4)%+ ng (1)%— 2n;i(A)Na(4) cos Osep (%:5)

A

where Oy, = 0; - 04 is the separation angle, with the deflection angle (6y) of the 18t
diffracted order obtained from Eq.4.4 for a given wavelength when 6;, and 6, are defined.
An infinite number of configuration of the AO interaction exists, but in practice some
constraints are applied in order to optimize one of the parameters in real devices such
as: resolution, field of view, RF drive power versus diffraction efficiency etc. The main
categories of AO interaction are:

e the non-collinear interaction, where the acoustic field is transverse to the

optical beam

e the collinear interaction, where the energy direction of the acoustic field is

collinear with the optical beams

Different mathematical models have been develop and introduced in routines to help
the prototyping process of new devices and the characterization of current devices,

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

4.1.1 Non-collinear interaction

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



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

tanfy = —> tanb, (4.6)

n;

where the tangents to refractive index surfaces are parallel for the incoming and
diffracted light, thus a constraint between 6#; and 6, is set. Introducing the condition of
Eq.4.6 in to Eq.4.4 it is possible to determine the input direction for an arbitrary prop-
agation of the phase velocity of the acoustic wave. The phase matching condition was
derived by author for a given 6,, and the input angle of the electromagnetic radiation:

¢ )2 \/2—
"€ tanf; —sin6; 1+ "Ftan? 6
tan 0y = — N (4.7)
1—cos 1+ %‘c;?tanz 6;

from the solution of the above equation is possible to determine ; and consequently 64
using Eq.4.6, which once introduced in Eq.4.5 allowsto determine the tuning relation
of the AO interaction for a given wavelength. In practice ¢; obtained from Eq.4.7 varies
with the wavelength due to the dispersive nature of the refractive index, theoretical
investigation shows the change on 6; is limited and accentuated in the visible region as
expected. The phase matching condition problem has been solved defining the acoustic
direction to determine the required variation of #; to always achieve phase matching.

The phase matching condition could also be solved by defining ¢; and solving Eq.8.1
using condition of Eq.4.6, from this solution is possibleto determine the range of 6,

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

4.1.2 Quasi-collinear AO interaction

The Quasi-Collinear (QC) AO interaction is obtained when the energy direction of the
acoustic field is parallel to the propagation of the electromagnetic field [23][24]. Two
different approaches can be used when studying this configuration, the first approach
is to define the incident direction of the electromagnetic wave and the acoustic wave
direction is determined using a mathematical routine or by graphical solution. The
other approach is to define the acoustic direction, then the propagation of the incident
electromagnetic radiation is defined by [6]:

0; = A(0,) + 0, (4.8)
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where A is given by Eq.3.9 depending on ¢,. The tuning relation is estimated by
Eq.4.5, once the deflection angle of the first diffracted order is derived by the solution
of Eq.4.4.

This type of AO interaction is conventionally used to achieve long interaction length
when a narrow bandwidth filter with low RF power is required. This configuration
particularly allows a long interaction length in an AOTF made of TeO,, because the
crystal naturally grows along the [110] direction allowing long crystal along the desired
direction.

4.1.3 Efficiency of AO interactions

The efficiency of the AO interaction is proportional to the RF power applied to the
ultrasonic transducer, when the phase matching condition is satisfied, and theoretically
it can be estimated by [6]:
[ V
MZ I—a

.o T
=sin® — ——P 4.9
n 1 o H 2 (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, 4y is the wavelength of

the diffracted order and M , is the acousto-optic figure of merit. The RF power for
Peak Diffraction Efficiency (PDE) for a given wavelength is estimated theoretically by

solving Eq.4.9 forn = 1:
HA?
2La M2

(4.10)

PDE =

The RF power for PDE depends on A2, and it is inversely proportional to the acousto-

optic figure of merit
3032
_ NiNgPers

G (10

2

where pess is the effective photoelastic constant, V (#) is the phase velocity of the
acoustic wave, p is the density and n;4 are the refractive indices of the incident and
diffracted orders. In order to optimize the RF powervs. Diffraction Efficiency (DE)
for a given wavelength, one should maximize M , maximizing, i. e. the ratio pZ¢/V 3.
The effective photoelastic constant is obtained from tensorial equation, therefore it is
related to the geometry of the AO interaction. A general expression of the pess was

determined in order to maximize the M .



4.1.4 Determination of the effective photoelastic constant

The effective photoelastic constant is defined as [6]:
I:A(m,m—l):I
Perf = €, [Pi3][S14] (4.12)

where Pj; is the photoelastic tensor, which is material dependent, S;j; is the strain
tensorrelated to the acoustic wave and

gnm D _ g Dgm (413)

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

0 o py O
™Y 0 0 0 o™ eV
M g ™MD g ™Y g eV H (4.14)
0 egm—l) e2(m—l) eim—l) 0

which has similar structure to ljx (Eq.3.2), wherem is the number of the diffracted

order. The generic polarization vector is defined as:

& = [cos(f) cos(¢), cos(6) sin(g), sin(H)] (4.15)

with Fig.4.2 as a reference, where the angle are measured from the X direction, in this
case the polar angle convention is not used. The acoustic and optical field are treated
separately when solving Eq.4.12.[6]

The photoelastic tensor depends on the crystal class and its structure is identical to
the elastic stiffness tensors, with the following condition applied to the photoelastic

constant[6]:
Pii/= Pji

where the compact notation is introduced thanks to the crystal symmetry, which is
generally applied to all the AO materials examined in this thesis. The effective photoe-
lastic constant is derived for the trigonal class due the low symmetry and the solution

obtained is applied to other classes with higher symmetry, such as tetragonal and cubic.



49

Figure 4.2: Rotation angle for reference axis.

4.1.5 Effective photoelastic constant in trigonal crystal:

32,3m, 3m

The general expression of the effective photoelastic constant is derived for the birefrin-
gent slow shear interaction in trigonal crystals, where the AO interaction takes place in
the Y-Z plane and the polarization of the acoustic wave is perpendicular to the former.
The photoelastic constant matrix [6] in the main reference axis X[100]-Y[010]-Z[001] is
0 U
P11 P12 Pz Pas 0
Pz Pu Pz —Pis 0 O
Psr Par Pz 0 0 O

U

T
= B (4.16)

g “Par Ps1 0 Pas 0 0 %
0 0 0 0 0 pu 0
0 0 0 0 0 Pss

where pgs = 0.5(P11 — P12)-

In order to estimate pes¢ two different approaches may be used, one is to rotate the
strain tensor (S;) and the optical polarization vectors (G‘(m’mfl)) in the reference axis
of the photoelastic matrix [6]; this approach requires several rotation of the reference



axis and it is useful to determine pess for specific case. Ultimately the results obtained
cannot easily be extended to a generic geometry of the AO interaction in a specific plane
and the implementation of such solutions in design routines is of difficult optimization.
An alternative method to determine p¢ss is to align P,; to the acoustic direction by
means of the coordinate transformation matrices Eq.A.1 for this specific case.

The photoelastic constant matrix [P, ;] has to be aligned to the direction of the phase
velocity obtained by applying the coordinate transformation matrix M,(¢), therefore

the new photoelastic constant matrix is estimated by
[P (1)1 = IM(WI[Pi1Mx ()] (4.17)
where My is defined by A.1 and
v =nl2—0, (4.18)

with 6, measured from the optical axis. The strain components (S;j) of a slow shear

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

[ o 0o 0

(4.19)

wn
w
—_ © © o o ©

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

&® =1,0,0] (4.20)
from the definition given in Eq.4.15, and is independent to the propagation direction.
Consequently the output polarization lays on the plane of the AO interaction and

depends on the propagation of the first order (Fig.4.3) defined by the deflection angle
of the first order (6y), thus the polarization vector of the first order is defined by:

’e‘f,l) = [0, sin 3, cos by] (4.21)
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Z [001]

Figure 4.3: Optical polarization of 0" and 1t

The expression of @fm’m_l) required in Eq.4.12 is obtained introducing Eq.4.21 and
Eq.4.14 in to Eq.4.13:
&9 = 10,0, 0,0, cos b3, sin O] (4.22)

in case of Bragg diffraction (m = 1).
The analytical expressionof per¢ for an arbitrary direction of the acoustic wave is
obtained introducing Eq.4.17 and Eq.4.22 in to Eq.4.12 and is defined by:
[ b — D 1
Peff = COSHy Pss cos? W+ Py sin? w + sin 21//u

[ S (4.23)

+ sinfy Pay cos® W — Pua sin? w — sin Zl//w

where the values of the photoelastic constants are material dependent, and 6, and 64
are defined by the AO interaction.

The expression in Eq.4.23 is valid only for the AO interaction from ordinary to ex-
traordinary, but the results obtained could be extended for the AO interaction from
extraordinary to ordinary. In this case the input polarization depends on the incident
propagation 6;, then Eq.4.20 becomes

8@ = [0, sin(6;), cos(6;)] (4.24)



and Eq.4.14 simplifies to:

(] 0
100000O0
@=500000 10 (4.25)
000010
introducing the above equation in to Eq.4.25, which becomes:
& =[0,0,0,0, sin(6;), cos(6;)] (4.26)

comparing the above equation to Eq.4.22 consequently the values of the effective pho-
toelastic constant is obtained substituting 64 to 6;

: Py —P ]
Perr = COS6; Pos COS*y + Pag Sin’ y + sin ZW% +
. | (4.27)

+5in6; pa cos’y — pig sin®y — sin wa

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

4.1.6 Effective photoelastic constant in tetragonal crystal:

4mm,422,42m,4/mmm

Tetragonal crystals have the following photoelastic constant matrix

] ]

0 Puu P2z Pz 0 0 O .

P2 Puz P 0 0 O H
(Piy) = P Por P 000 (4.28)

ﬁ 0 0 0 Paa 0 0 t]

g0 0 0 0 pu 0T

0 0 0 0 0 pes

for the reference axis X[001] - Y [010] - Z[001]. The tetragonal crystals used in AO
applications are tellurium dioxide and calomel single crystals, where the plane of the AO
interaction is the t[110]-Z[001] plane. Then the photoelastic constant matrix requires
a rotation of § = n/2 about the optical axis to align the reference axis to the AO

interaction plane using M, (#) ( Eq.A.3), and a rotation equal to ¢ about t [110] direction
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to align along the acoustic wave propagation using My (¢) ( Eq.A.1.

The photoelastic constant matrix in the new reference frame is determined by:
[Pl = MM [P5]IM,] T [My] " (4.29)

The effective photoelastic constantis estimated by introducing Eq.4.29 in Eq.4.12 using
Eq.4.22 in case of an AO interaction OE™

Deff = Pas COS Ba Sin Oy — Pgg Sin G COS Oy (4.30)

For the case of the AO interaction EO™, the effective photoelastic constant is obtained
from the substitution of 6y with 6#; in Eq.4.30

Deff = Pas COS B Sin 6 — Pgg Sin G, oS b (4.31)

where 6,,0;, and 64 are obtained from the AO interaction configuration and

P11 — P12

. (4.32)

Pes =
The general expressions of peff, defined in Eq.4.23 - Eq.4.27 for trigonal crystals and in

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

4.2 Conclusion

The geometry and the efficiency of the acousto-optic interaction has been introduced
in this chapter and the results have been specialized for two different class of symme-
try trigonal and tetragonal. The geometry is defined by the phase matching condition
between the acoustic field and the incident electromagnetic radiation and the AO in-
teraction could be separated in two groups, quasi-collinear and non-collinear, identified
by the relation between acoustic and optical waves direction.

The analytical expression of the effective photoelastic constant was derived for the trig-
onal crystal class only because this solution can be applied to tetragonal crystal setting
P1a = Pag = 0.

AOTFs are designed under the parallel tangent matching condition [25] investigated
for non-collinear configuration, where the acceptance angle is maximize. The collinear

interaction instead is obtained when the acoustic walk-off and incident electromag-



netic radiation propagate along the same direction, therefore the achievable interaction
length is maximize giving a narrow passband and low RF power requirement to achieve
peak diffraction efficiency.

The results obtained in this chapter are introduced in design routines realized in Matlab

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

AOTF in the wavelength range: 380

nm - 4.5 um

5.1 Introduction

Acousto-Optic Tunable Filters in the wavelength range between 380 nm and 4.5 pm
are conventionally realized using Tellurium Dioxide (TeO, ), which has a high M, and
is available in crystals of large dimension with good quality. The configuration of
the AO interaction is dictated by specific application, defined by: wavelength range,
acceptance angle as described in the previous chapter. Two different configurations are
typically used: the quasi-collinear interaction is used to achieve narrow pass-band and
to reduce the RF power versus diffraction efficiency maximizing the interaction length
at the expense of the field of view; this configuration is used for example in case of line
selection applications and single point detector systems.

The non-collinear interaction under the parallel matching condition maximises the
field of view at the expense of the interaction length, which determines the relation
between RF power and diffraction efficiency. The RF power to achieve peak diffraction
efficiency depends on the square of the filtered wavelength in the first approximation,
thus a high level of RF power is required for wavelengths above 2 pym. Under high RF
power operation, AO devices are affected by elevated thermal gradients altering the
operational condition such as tuning curve shift, and changes on the passband.

In order to reduce the RF power for peak diffraction efficiency a solution is proposed in
this chapter by means of a resonant acoustic cavity. The performance of conventional
AOTFs are compared to the resonant AOTF both theoretically and experimentally.



5.2 Large aperture AOTF

Large aperture AOTFs are typically used as tunable filters for imaging systems or when
a large etendue is required due to the spectral properties of the source or the target.
A large field of view is achieved when the parallel tangent matching condition (Eq.4.6)
is applied as described in Sec.4.1.1.

High quality crystals with linear dimensions larger than 30 mm are difficult to grow
and processing significantly increases the cost of the final device. Therefore the design
process is a trade-off between specification and cost, with the following limiting factors:

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

e the RF power for peak diffraction efficiencyis set by the ratio of the electrode
size and filtered wavelength

e the bandpassrequired by the application, is a function of the interaction length,
and 6;

o the angular separation between the 0" and 1% order is related to the RF fre-
quency, wavelength and crystal orientation

e the homogeneity of the acoustic power acrossthe aperture is limited by the at-

tenuation of the acoustic wave

e the AO crystal dimension should be as small as possible to achieve competitive

costs and simplify the manufacturing process.

A series of design routines developed in Matlab and Python have been created to pre
dict and optimize the AOTF design.
The general solution of the AO interaction under the parallel tangent matching condi-

tion is investigated in the next section.

5.3 Trade-off between the differentspecification of an

AOTF

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

tangent matching condition is applied to the AO interaction configuration, then it is
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possible to estimate the acoustic direction, the interaction length, the acoustic atten-
uation and the acousto-optic figure of merit for any incident direction 6; for a given
wavelength. The relation between 8, and 6; applying Eq.4.6 is shown in Fig.5.1 for 450
nm < A < and 4.5 pm examining both the AO interaction type, EO+ and OE+.

w— OE+ @ 450 nm
= EO+ @450 nin
= OE+@4.5 um
= EO+@4.5um

<< —80 »
5 \

i
—82 A 3
1
-84

5 4
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Figure 5.1: Angle relation between 6; and 6, under parallel tangent matching condition for

two wavelength with different incident polarization(left) A6, between the two different type of
AO interactions(right).

The acoustic direction has to change with §; in order to satisfying the phase matching
condition (Fig.5.1). The phase matching condition effects the AO configuration under
parallel tangent matching condition; in general it is not possible to satisfy the parallel

tangent matching condition for both polarizations, unless for a given specific direction
of 6;, where the curves cross.

0.35

0.0025

0.30

0.0020

0.0015
0.20

0.15
. 0.0010

Attenuation [dB/mm]
Attenuation [dB/mm]

0.10

0.0005
0.05

0.00 . —— 0.0000 - T—
( 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

0;[deg) 0;(deg)
Figure 5.2: Acoustic attenuation for A = 450 nm (left) and A = 4.5 pym (right).

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



interaction respectively and shown in Fig.5.3; the RF frequency required to achieve
phase matching conditions for an arbitrary direction of ¢; is shown Fig.5.3.

In addition the acoustic attenuation depends on 6; and on the f2, therefore one should
select a low 6;. This dependency is shownin Fig.5.2 for an arbitrary direction of 6;,
which is related to 6,.

The RF power for peak diffraction efficiency and the passband is defined by the inter-
action length (L,), which depends on 6; and the acoustic walk-off as shown in Fig.5.4.
The trade-off between the different specification is obtained from the solution of the
AO configuration for an arbitrary 6;, from the theoretical point of view the phase-
matching condition is satisfied for any 6#; as shown Fig.5.1. From the practical point of
view only a limited interval can be used to design real devices, because M, decreases
with increasing 6; (Fig.5.3) and the interaction length decrease with 6; increasing the
RF power for Peak Diffraction Efficiency (PDE). The RF frequency increase with 6
(Fig.5.1) and consequently the acoustic attenuation (Fig.5.2), therefore the intensity
of the acoustic field will be strongly dependant on the propagation distance from the
transducer.

1200 100
[+— OE+ @450 i | [e— OE+ @450 nm
— OE+@45um o—e EO+ @450 nm
—s EO+ @450 um 350/ — OE+@4.5 um
1000 -- EO+@4.5um -- EO+@45um

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 frequency range (right) to achieve phase
matching condition for both type of AO interaction for the wavelength range of transparency
of TeOy under parallel tangent matching condition.

An arbitrary limit to the RF power of 5W in TeO, is assumed in order to avoid strong
temperature gradients inside the AO cell. At such a level of RF power the heat gener-
ated by the acoustic attenuation will affect the accuracy of performance predictions due
to the temperature dependency of the acoustic velocity and of the refractive indices.
In addition the lifetime of the device is affected by repeated temperature cycling, and
in extreme cases could lead to cracking in the AO medium due to the difference of the
coefficients of the thermal expansion; this limit is easily reached at long wavelength (4
> 2 pum), due to the inherent elevated drive power.

A limitation on the RF frequency has to be applied due to the acoustic attenuation
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and broadband matching condition, thus a maximum and a minimum RF frequency
have been set to between 15 MHz and 150 MHz.

The low RF frequency limits the tuning range achievable with a standard matching
network. In the case of high frequency (f> 150 MHz), an octave is broad enough to
easily allow broad band matching, but the bonding process requires tight tolerance on
layer deposition.

The higher frequencies are typically related to the shorter wavelengths, where the RF
power for peak diffraction is inherently low, but the acoustic attenuation will dominate
the performance of the AOTF. In the case of an RF signal above about 120 MHz the
complexity of the matching network will increase significantly due to the uncertainty
at the manufacturing level (such as the bond thickness, and also wire-bonds etc...)
limiting the tuning range. The lower limit is mainly due to limitation on the tuning

range due to the absolute range corresponding to 1 octave.
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Figure 5.4: Interaction length variation with 6; for an electrode of 1 mm (left) difference on
interaction length between 450 nm and 4.5 um (right).

In conclusion, large aperture AOTFs could be subdivided in two main wavelength
ranges: one between 380nm < A < 1 uym and the second one is between 1 pm < A <
4.5 um, where different trade-offs are applied during the design process, and described

in detail in the next sections.

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

The wavelength range from 450 nm up to 1000 nm is of particular interest on different
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 introduces constraints on the choice of 6;.

The arbitrary limitations on the maximum RF frequency and RF power introduced in
the previous section, set an interval of 6;, where the trade-off between passband, tun-
ing range and RF power consumption meet the required specification defined by the
application. In orderto optimize the AOTF performance the relation between 6#; and
0y is given by Eq.4.6 and defines the AO interaction geometry for a given wavelength.
If the input direction is considered between 0 and /2, then the acoustic direction to
achieve phase matching is given by Eq.4.4 and shown in Fig.5.1. The RF frequency

RF Frequency[MHZz]

Figure 5.5: RF Frequency for an arbitrary input direction under the parallel tangent matching
condition for different wavelengths.

dependency to #; and A is defined by Eq.4.5, which shows inherently high frequencies
in the wavelength range up to 850 nm. If the RF frequency limit is applied then only
a small interval of 6; between 10.0 ° and 20.0 ° could be selected; for §; < 10° the RF
frequency is significantly reduced at the expenses of the wavelength range covered due
to the low centre frequency and the effects of optical activity need to introduced.
Close to the optical axis the polarization state of the incident light should be elliptical
in order to achieve peak diffraction efficiency, and the ellipticity of the polarization de-
pends on the wavelengths selected by the RF frequency and on the optical path inside
the AO crystal due to the dispersive nature of the optical activity.
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The elevated RF frequency affects the acoustic power across the aperture. The diffrac-
tion efficiency across the aperture is reduced in large aperture AOTF, because the
acoustic attenuation in TeO, increases with 2, giving a variation in the DE across the
aperture. Non-Collinear AOTFs are available from a number of manufacturers for the
wavelength range covering450 nm and 2 pm.

5.3.2 Wavelength range from 1um to 4.5 pm

The RF power needed to achieve peak diffraction efficiency is theoretically evaluated
by Eq.(8.11), which increases with A2 and reduced by maximizing the ratio L,/H. The
dimension of the optical face is determined by the field of view required and by the
available dimension of the crystal, therefore a trade-off is required between the field
of view and the interaction length achievable. The wavelength region between 1um
and 4.5um is of particular interest for many applications and the availability of super-
continuum sources covering this range is pushing the effort to extend the wavelength
range to the very limit of the transparency range of Tellurium Dioxide. NKT Photonics
for example is developinga source covering the wavelength range above 2 pum within
the MINERVA Project (FP-7), consequently AOTFs are the typically used due to the
fast random access capability and narrow bandwidth. The wavelength range is char-
acterized by elevated RF power for peak diffraction efficiency in case of non-collinear
interaction. Two possible solutions to reduce the RF power requirement are: increase
the interaction using a quasi-collinear configuration at the expense of the field of view;
or to configure the AO cell as an acoustic resonant cavity increasing the acoustic power
available inside the AO medium. Another possible solution is to find a more suitable
material, but this task has proved very problematic over 3 decades of research.

The quasi-collinear configuration is typically selected for line selection application due
to its narrow passband and low RF power, hence this configuration is particularly suit-
able for filtering wavelength above 2 pm, the narrow field of view and diffracted limited
beam requirement limit the use of this configuration, when the spatial coherence of the
source is high (Beam quality as measured by M2 <1.5 [29]).

The non-collinear configuration is a more suitable solution due to the large acceptance
angle, but at the expense of a higher RF power for peak diffraction efficiency and
broader pass-band due to a shorter interaction length, consequently high level of RF
power (> 5 W) is required; under this operational condition some practical limitations
(e.g. temperature gradient, power handling) rise for operational wavelength above 2pm.

It is possible to predict the RF power dependencies of the diffraction efficiency for
a given ratio of the interaction length and optical face by using Eq.4.9 for a specific
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Figure 5.6: Diffraction efficiency for different ratio of the electrode dimension at 4.5 pm
under the parallel tangent matching condition.

wavelength and 6;, an example is shown in Fig.5.6.

In theory the RF powerrequired to achieve peak diffraction efficiency could be dras-
tically reduced for a ratio of L/H above 5. This becomes impractical for non-collinear
AOTFs due the material dimension required to realize the device; in practice the ratio
is of about 2.5 in case of non-collinear configuration. If the practical limit to the RF
power (< 5 W), when TeO, is used, then maximum diffraction efficiency achievable
is about 65% for a polarized source for A = 4.5 pym. The AOTF performance can be
drastically improved with the help of an acoustic resonant cavity which increases the
available acoustic power in the AO medium.

5.4 Acoustic resonant configuration

Conventional AOTFs have an acoustic absorber at the opposite face to the transducer,
or for that face to be angled to deflect the sound out of the Bragg plane(Fig.5.7(a)).
The acoustic power inside the AO medium is related to the RF powerapplied to the
ultrasonic transducer and the diffraction efficiency is predicted by Eq.4.10 [6]. The
diffraction efficiency versus acoustic power inside the medium can be increased by
configuring the cell as an acoustic resonant cavity, where the acoustic wave propagates
between parallel faces. Acousto-Optic mode locker relies on a similar configuration, but
in this case the device is used due to the frequency shift introduced by the travelling
acoustic wave back and forward.[6]

The acoustic wave 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 two waves are in phase. The relation between acoustic power and strain
is defined as: .

2P

IS| = :

L (5.1)

where V is the phase velocity, P, is the acoustic power, p is the density of the ma-
terial, H is the height of the acoustic beam (defined by the electrode), and L, is the
interaction length. In first approximation the acoustic power is considered equal to the
RF power absorbed by the ultrasonic transducer, and from experimental results this
approximation has been shownbe in good agreement on the predicted performances.
The acoustic power is given by:

_pVSPH L,

Pa 5

(5.2)
which is substituted directly in Eq.4.9 for a conventional AOTF. In the case of a
resonant AOTF the average power inside the AO medium is increased by the presence
of the forward and backward waves depending on the number of reflection at both
surfaces. In theory, if an ideal medium is considered where no acoustic losses are
present and the medium is in perfect equilibrium, then the acoustic power inside the
cavity could be theoretically predicted by a simplified model. The acoustic power
stored inside the AO cell is determined by the applied acoustic power (P;) applied to
the transducer and estimating the number of "useful” reflection including the acoustic
attenuation. The power stored inside a cavity length equal to L in case of an even
number of reflection N is estimated by determining the effect of the acoustic attenuation
for a given RF frequency and then folding the cavity and summing the acoustic power
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with P;j(X;) is defined by Eq.5.2, and the summation is carried over the same elements
of different arrays.
The resonant AOTF devices has similarity with the AO mode locker, which rely on
acoustic resonance. A simple physical analogue to described the effect of an acoustic
resonant cavity where waves travel in opposite direction using an ideal losses medium,
where the "Hooke’s Law corresponds to the force-displacement relation for a spring”
[17]

F =Kx (5.4)

where the strain corresponds to the displacement x and the applied force F correspond
to the stress. In a conventional AOTF, acoustic waves create a periodic perturbation
applied to a single particle therefore the strain is proportional to the applied stress. If
a second acoustic wave with the same amplitude is travelling in the opposite direction
to the first one, then the displacementis proportional to the instant force applied to
the particle, hence the phase difference between the two waves will affect the total
displacement (Fig.5.8).

The particle displacement reaches a maximum when ¢ = 0 and the amplitude is double,
which means the acoustic power at that specific point is four time the input power.
The effect of the phase difference between the counter propagating waves is shown in
Fig.5.9.

A lossless elastic material does not exist in nature, otherwise the acoustic wave will
propagate unaltered forever, in reality a viscous damping term is introduced to de-
scribed the acoustic attenuation; hence the acoustic power is dependant on the position
and on the distance travelled inside the medium. The values of the acoustic attenua-
tion has been introduced in section 3.4.1 for TeO,, thus the intensity of the acoustic
wave is reduced travelling back and forward in the crystal estimating the number of

"passes” before the intensity of the acoustic wave go below a threshold level, where the

diffraction efficiency is no longerimproved. Here it is defined an advantage factor as

Ptot
ADV = (5.5)
in

where P is the total power inside the resonant cavity, and Pj, is the RF power applied

to the ultrasonic transducer; the advantage factor (ADV') is dependent on the distance



Particle displacement [a.u.]

Particle displacement [a.u.]

-0.5

0.0
Distance [a.u.]

— FW

== BW
e o Total —_
=
Sl
-4 ‘E

'
o

'
' §
A '] o
' ) S
[ N o
) . - |
v ®
bt =l
©
o

(a)
L0

— FW

== BW
e o Total s
S
’~ S,
. o
P 5
' J £
B Y [}
' 1 8
' o
' 2
. o
. o
v s
S
o

()

i
—0.5

0.0
Distance [a.u.]

1.0

¢=m/4

65

0.0
Distance [a.u.]

L0

(d)

0.0
Distance [a.u.]

1.0

Figure 5.8: Particle displacement subjects to two counter propagating elastic waves with dif-
ferent phase difference: ¢ = 0 (a), ¢ = n/4 (b), § = n/2 (c), § = = (d).

2.--*._;(_*.; e o
~*“* o—o BW
T * =« TOTAL
*,
1 " DDEE‘EE‘~EE\BBE}E . R -
3 ™
S,
5
g Of
@
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: Effect of the phase difference between two counter propagating waves on the

particle displacement

from the transducer, an example is reporte in Fig.5.10 for a cavity length of 20 mm.

From the advantage factor it is possible define a acousto optic figure of merit for



resonant devices following Keller et al.[30]:

.M
M ~ a(f)d

(5.6)
where d is the distance between the parallel faces in millimetres, o(f) is defined as:
a(f) = af®* + bf> +cf +d (5.7)

with f defined in megahertz, and with a = -9.3947 x 107°, b = 0.0130,c = -0.6548,
and d = 13.7673.

The acoustic wave is also subject to diffractive effects, which are not considered in
this model, therefore the advantage factor is limited by the acoustic attenuation. The
acoustic attenuation increases proportionally to f?, thus in order to obtain an elevated

advantage factor the RF frequency has to be lower than 50 MHz, which is typically
obtained for A > 1um.
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Figure 5.10: Acoustic power inside a resonant cavity (red line) and forward (blue line) and
backward (Green Line) travelling acoustic wave for a cavity length of 20 mm (a). Advantage
factor for different different frequency and cavity length of 20 mm. (b)

The acoustic waves travelling in both direction are in phase when the correct RF
frequencies are selected, defined as “resonance frequencies” and determined by the dis-
tance between the parallel faces (I) of the AO medium and the phase velocity (V) of
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the acoustic wave using the following relation:

\%

Fres =
res ZI

(5.8)
thus the RF frequency applied to the ultrasonic transducer has to be a finite multiple of
Fres , if this condition is satisfied then the backward and forward acoustic waves are in
phase and resonance between the different elastic waves is established, consequently the
advantage factor reaches a maximum. The effect of the acoustic wave travelling back
inside the ultrasonic transducer affects the performance of the device and is introduced
in the next section in more detail.

5.4.1 Effects of travelling wave in acoustic resonant cavities

The reflected acoustic wave travelling inside the ultrasonic transducer does not affect
the RF matching performance because no additional stress is created inside the ul-
trasonic transducer since the forward and backward acoustic waves are in phase. In
reality thermal gradients are present inside the AO medium due to the acoustic at-
tenuation. The acoustic attenuation is a source of heat inside the AO medium, this
changes the cavity dimension altering the phase of the backward acoustic wave and
subsequent reflection. Two noticeable effects are visible when out-of-resonance: first
a feedback signal is generated by the ultrasonic transducer due to additional stress
components, which generate an electrical signal transmitted inside the matching net-
working affecting the VSWR which can reach a level above 10. Hence most of the RF
signal applied to the ultrasonic transducer is reflected back into the RF driver. The
resonance is dependent on the acoustic cavity dimension, which is strongly affected by
any change in temperature of the crystal mainly due to the acoustic attenuation effect.
The second effect is the reduction of the diffraction efficiency because acoustic wave
are no longer generated by the ultrasonic transducer and the temperature inside the
AO medium drops generating temperature gradients. Consequently, the free spectral
range (the distance between resonance frequencies) changes due to the modification in
time of the cavity length.

In conclusion in order to maintain resonance, the AO medium should be in thermal
equilibrium with the aid of a lock-in mechanism to track the resonance frequency. It
has been seen experimentally that a lock-in mechanism is required when the RF power
is above 500 mW for TeO,, and several Watts in case of crystal Quartz.

Acoustic resonance has been observed in the transducer by monitoring the VSWR
experimentally by means of pulse echo measurements, described in Appendix F. The

results obtained have been compared to the measurements taken by a network analyser.



The resonance frequencies of the devices were determined by the presence of negative
peaks in the VSWR, where the "actual” VSWR was measured (Fig.5.11).

VSWR

ds5 ) 66 665 67
Frequency [MHz]

Figure 5.11: VSWR recorded by Network analyser of the resonant AOTF, with tuning range
between 1um and 2um.

When the cavity is off resonance 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 “free spectral range” of the cavity is determined by Af = V/2L and this was in
good agreement with the observed frequency spacing on the network analyser.

The position of the resonance frequencies depends on the cavity dimension and is af-
fected by temperature modification, due to the attenuation of acoustic waves and heat
generated by the transducer. Therefore the resonance frequency spacing and position
are not stable and without a temperature compensation mechanism are difficult to
track. For this reason a lock-in process is describedin order to maintain the device
on resonance. This would continuously monitor the VSWR of the transducer and the
temperature of the cell and so maintain resonance.

As it has been previously stated, the out-of-resonance the electrical coupling is poor,
therefore the tuning relation (Eq.4.5) is not continuous, as on conventional a device,
but is formed by a series of allowed frequencies. For this reason the dimension of the
resonant cavity should be configured so as there are sufficient resonance frequencies for

a given passband. In practice, this is easily achievable for a large aperture AOTF.

5.5 Resonant AOTF devicesin Tellurium Dioxide

Two resonant AOTFs were designed and built to demonstrate the principle and accu-
racy of the mathematical model. The first prototype had a tuning range between 1um
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and Zum but no temperature compensation mechanism was included (Fig.5.12). The
second prototypes was optimised design for the wavelength range between 2 um and
4.5 um.

5.5.1 Prototype Resonant AOTF between 1pm and 2pum.

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 different thickness in order to allow operation in the IR range between 1um
and 2um. A broad band matching network was designed and built in the desired
frequency range. The acoustic phase velocity direction was about -82° and §; = 15.5°.
The electrode size is equal to 5 mm(H) x 10 mm(L), which is smaller compared to
a standard device to take account the acoustic divergence in the out of the plane
direction typically shown in the K-space diagram. The performance predicted by the
mathematical model showed RF power for diffraction efficiency lower than 400 mW,
therefore no temperature compensation mechanism was added since for RF powers
below 1 W it is possible to achieve temperature stabilization easily.

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

The matching network was been split in to two different PCBs in order to obtain the
broad band matching, this solution is typically used on a large aperture AOTF with
extended frequency range. The presence of feedback signal from the transducer when
the resonance frequencies are not selected makes it difficult to predict the matching
network.

In this case the vertical PCB has been added because the conventional way to design



matching networks is of applied here due to the presence of the reflected acoustic wave,
which has been verified by recording the VSWR of the device on a spectrum analyser.
The free spectral range of the acoustic wave was 15,75 MHz, which confirmed the

acoustic phase velocity excited by the ultrasonic transducer for the thickness of the cell

equal to 21.26 mm, giving an acoustic velocity equal to 669,69 m/s with an error equal
of 0.04% (where the theoretical value of the phase velocity is 670 m/s).
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Figure 5.13: Photograph of the data recorded from the resonant AOTF with a spectrum anal-
yser.

The RF power for peak diffraction efficiency has been measured with laser line test
described in appendix G.1. A peak diffraction efficiency equal to 85% was observed,
which is limited compared to a conventional AOTFs where the diffraction efficiency is
typically above 95% for linearly polarized light. The RF power vs. diffraction efficiency
was recorded with a laserat A = 1550 nm.

The measured performances were close to the predicted values therefore an optimized
design has been prepared operating in the wavelength range between between 2jum and
4.5um.

5.5.2 AOTF optimized design for wavelength range between 2um

and 4.5um

A second AOTF with an optimized design was built with a tuning range between 2um
and 4.5um (Fig.5.14) satisfying the parallel tangent matching condition. The acoustic
propagation (6, = -78.0°) was to increase the RF frequency to simplify broadband
matching, leading to a particularly large AO cell due to the acoustic walk-off. The
predicted performance was obtained from dedicated Matlab routine to design resonant
device, written by the author. The temperature equilibrium of the AO cell ws moni-
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Temperature sensors Heat Pump

Digital Temperature
Sensor (£0.03°C)

Figure 5.14: Optimised resonant AOTF photo of the inside where the position of the temper-
ature sensor is shown(left). Detail of the heat-pump position used to stabilise the temperature

(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
was installed to control the temperature and minimise gradients inside the AO crystal.
The heat pump and the temperature sensor were controlled usinga dedicated connector
with 6 pin and using the following schematic. The data cable and temperature con-

DS18820

Vaa O
DataO U R
MHeaiPims] GND C

: T, T,

Figure 5.15: Schematic of the temperature sensors connection to the plug.

troller where connected to a power supply for the heat pump and to a micro-controller
(Arduino) to read the temperature from both temperature sensors, which can be ad-
dressed separately on the same data line. The heat pump connection where connected
to a power supply controlled manually, and the +5 V, GND, and DATA connections
were wiredto 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 was to achieve thermal equilibrium within the surrounding ambient. This was
complicated is due by the heat generated by the attenuation of the acoustic wave,
which can be considered as a heat source. It has been proposedto cool down the
devices to cryogenic temperature by Chang . The heat pump could be used to extract
the heat generated by the acoustic wave, however this solution create a unstable lock-
in condition, because the RF power increases with the wavelength and the acoustic
attenuation decreases altering the thermal equilibrium. The solution proposed here is
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Figure 5.16: Temperature recorded from the temperature sensor with RF off and RF on.

to use the opposite approach; the cell is heated up to a temperature of about 30°C
by means of the heat pump and at the same time the base of the AOTF is cooled

down helping to maintain a stable matching temperature. When the RF power is
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applied then the temperature inside the AO cell increases up to 1°C - 2°C, altering
slightly the thermal condition. The resonance frequency of the devices change with

VSWR

' ' O - !

RF frequency’ fi

Figure 5.17: Direction of the shift of the resonant frequencies with temperature.

the cavity size, therefore a change in the temperature moves the resonance frequencies,
which are the negative peaks in the VSWR. The lock-in is obtained selecting a RF
frequency where the VSWR has a negative slope, with the increase of temperature
the peak moves toward a minimum and then increases again. When the minimum on
the VSWR is reached the coupling coefficient reaches a maximum changing the RF
frequency by a small amount Af in order to select a position, where the slope of the
VSWR is negative.

The controller of the driver tracks the selected peaks, and the trigger changes the

) || | = ; | Af~0.1KHz

V12, \ [ 12,V (. [r2V
f1 fl f1+Af

Figure 5.18: Lock-in process used to maintain the resonant device in resonance.

frequency to the correct value where the VSWR > 2, therefore the temperature of the
AO cell increase continuously, after about 10 minutes, the temperature stabilization is
reached and the device remain locked for about 3 hours. This solution allow to control
the resonance AOTF by means of simple software.



Component Identification Supplier Cost Quantity

M-controller Texas Instrument | £8 - £25 1
Power Supply | 117-769(350W) | RS Components £55 1
Power Detector | ZX47-40LN+ Minicircuits £75.47 1
20dB Coupler | ZDC-20-1BR+ Minicircuits £ 44.85 1

Table 5.1: Basic components to realize the resonant RF driver.

5.6.1 Advanced RF Driver controller

The resonant AOTF driver could be also realized by using COTS! components.

6 Ways
o connector
Mini

computer

Power

; detector
Temperature
Monitor
12x4
RF
Function (._, amplifier 20dB
Generator (5W) coupler

Figure 5.19: Schematic proposed to build a RF driver to be used with resonant acousto-optic
device.

The solution could be embedded inside a dedicated RF driver, or realized as an external
module between the 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 are intended to advise COTS components, which might be
used and to give a rough idea of the price range to build the preliminary system. The
prototype was not been built because it was out of the scope of the research activities,
and it has been presented to help additional effort on the developing of a RF driver for
resonant acousto-optic devices.

Another solution is to implement a phase locked loop as described in [31], where the
resonance frequency is continuously tracked, this solution could be implemented in
addition to increase the capability of the current drivers produced by Gooch & Housego.

1Commercial Off-The-Shelf
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Component Identification Supplier Cost Quantity
RF amplifier 5W | ZHL-5W-2G Minicircuits ~ £900 1
Function generator| DSS module AD9854 ~ £100 1
Mini-Computer Beagle board | RS components | £25- £ 50 1

Table 5.2: Additional Components

5.7 Test Setup

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

Lock-in amplifier |€

A

Integrating
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P{ generator = Amplifier .
0308 I 3 RF power RF n
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IEC >
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Figure 5.20: Setup with lock-in amplifier and laser source

The laser line test (Fig.5.20) was used to record the RF power versus diffraction effi-
ciency for a fixed wavelength predicted by Eq.(8.11); a lock-in amplifier was used in
orderto achieve greater accuracy. Two differentlaser lines were chosen: 1550nm, and

3390nm. The RF power meter was used to measure the VSWR of the device and the
RF power delivered by the function generator, which had a precision of 1 Hz. The tun-
ing curve, predicted by Eq.4.5, of the first prototype was determined using the setup in
Fig.5.21, where a supercontinuum source with a spectral emission in the range of 450



RF Driver > Amplifier REFOWer
meter
v
Optical
SC source Resonant
400nm — 2000nm AOTE I Spectrum
A AL {\} analyser

Figure 5.21: Setup and with supercontinuum source

nm up to 2000 nm was used. The first diffracted order had been measured by means
of an optical spectrum analyser and the RF power for PDE had been measured for the
wavelength range between 1um and 2pm.

5.8 Performance comparison between conventional and
resonant configuration

In order to verify the feasibility of the proposed solution, the two different devices
as described above. The first prototype has a tuning range between 1um and 2pm,
as expected the advantage obtained by the resonant configuration was about 4, using
the Matlab routine to design resonant AOTF, and the tuning relation was in good
agreement with the predicted values with an error within #0.05% (Fig.5.22). The
optimize design with a tunable range between 2 um and 4 pm was tested using the
setup in Fig.5.20, using a laser source at 3390nm.

The advantage factor measured was about 5 and in good agreement with the theoretical

values.

5.9 Frequency shift in the resonant AOTF

The AO interaction introduce a frequency shift on the first diffracted order equal to
the RF frequency applied. The direction of the shift depends on the phase matching
condition, as previously reported a phonon could be generated or annihilated in the
AO interaction, this effect could be represented in the K-space diagram by the by the
direction of the K, vector [6]. It has been reported by Ward and Pannell [32], where
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Figure 5.22: RF power for peak diffraction efficiency(right), detailed view of the resonant
AOTF performance(left)

a pair of AOTFs was matched to generate a null frequency shift, where the acoustic
vector propagates in opposite direction. In case of a resonant AO devices particular
was not clear if the travelling acoustic wave travelling forward and backward in the
device would generate an up-shift, down-shit, or a null-shift. Therefore an experiment
was carried to experimentally measure the frequency shift of the device by means of
an interferometer. The set-up is shown in Fig.5.24, where two AOTFS were used.

The first AOTF was used to introduce an initial frequency shift, which was measured
in order to have the reference. The first AOTF was operated at 64.5670 MHz with an
RF level of 1 Watt. The resonant AOTF was driven at 32.6632 MHz. The combined
signal from the reference and shifted arms was measured with a photo diode connected
to a spectrum analyser with an accuracy of 1 Hz.

The experimental results shows the presence of a down-shift and up-shift components,
due to the forward and backward acoustic wave respectively. The reason of the presence
of both shifts is believed to be the resonant acoustic wave is seen by the phase matching
condition as two separate waves, which are in phase, therefore an advantage factors is
measured and the difference between the down-shift and up-shift is of the order 10x10~°
nm, detailed information are going to be reported in the paper in preparation.

5.10 Conclusions

In conclusion the practical limitation on the RF power (< 5W) for conventional AOTFs

limits their use for several applications in the wavelength range above 2um. The RF
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Figure 5.23: RF power versus diffraction efficiency for A = 3390 nm.
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Figure 5.24: Frequency shift AOTF set-up where the resonant AOTF is second AOTF, and
AOTF 1 is introduced to generate an initial frequency shift.

power for peak diffraction efficiency whilst being material dependent and limited by
the interaction length tends to be determined by the 12 dependency. One solution
to reduce the RF power could be to increase the interaction length, but because the
acoustic walk-off quickly increases the material footprint and anyway, this will serve to
narrow the line width and thus restrict optical throughput.

The resonant configuration is an effective solution to reduce the power consumption
of AO devices since the phonon energy is effectively "recycled”, thus reducing the RF
power requirement. However, acoustic attenuation restricts the use of such a solution
in the visible range, as the RF frequency is usually too high (>50 MHz). The tuning
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curve is not continuous in the case of resonance devices, but due to the large aperture
it is possible to achieve more than 20 point per nanometers.

The experimental results are in good agreement with predictions. The tunability of
the first prototype was demonstrated in the wavelength from 1pym and 2pm. Unfortu-
nately no suitable white-light source was available to test the tunability in the 2pum to
4pm range of the optimized design, but the laser test showed good agreement with the
predictions. Consequently we are confident of the tunability of the device.

The electrical feedback signals, when the device was out-of-resonance, created an issue
for the electrical matching which could be harmful to the RF components, for this
reason a lock-in mechanism to maintain the device on resonance is highly desirable.
The implementation of the resonant controller could be realized using alternative ap-
proaches, currently a non-integrated solution is under development, which hopefully

will lead to an integrated solution.






81

Chapter 6

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

single crystal

6.1 Introduction

The wavelength range above 5um is of particular interest for several applications from
remote sensing to biological studies [33].

Gooch and Housego Ltd.(UK) is leading a European project (FP-7) with the aim to
build a system able to diagnose premature skin cancer cells analysing the spectrum
between 4.5um and 10pm. The current system in 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-optictunable filter with wave-
length range up to 10pum seems to be a good option and will be developed by G&H.
The wavelength range in consideration is beyond the transmission window of Tellurium
Dioxide, which is limited to about 5 pm, thus the research activity has been focused
on other birefringent AO materials with extended transmissionin the Long Wave-
length Infrared (LWIR). Mercurous halides have been reported to be crystals with good
acousto-optic properties [34][35]; for example Mercurous Bromide (Hg,Br,) has been
extensively studied by Gupta and Voloshinov and several papers have been published
[36][37], another crystal is mercurous chloride, also known as Calomel. A Calomel sin-
gle single crystal was selected due to its availability. This particular crystal is supplied
by BBT, a crystal growth company based in to Czech Republic, which is part of the



cu | 0.8925 x 10 | [N/m]
¢ | 17192 = 109 | [N/m]
c13 | 1.563 x 100 | [N/m]
C3 | 8.037 = 109 | [N/m]
Cas | 0.8456 x 102 | [N/m]
Ces | 1.225 x 100 | [N/m]

Table 6.1: Elastic stiffness constant for Calomel Single Crystal

consortium. The agreement within the project is to design the AO cells and polished
cells supplied by BBT.

6.2 Calomel Single Crystal properties

The acousto-optic properties of Calomel single crystal have been investigated by [2][38],
where a high M, for the longitudinal mode has been reported. In the literature the
value of the acousto-optic figure of merit for slow shear interaction is only reported
for propagation direction along the t axis, thus the physical properties of Hg,Cl, are
investigated for the feasibility of an AOTF design. This crystal is an anisotropic mate-
rial with an extraordinary slow shear velocity and high density (p = 7180 K g/m?®) [7],
belonging to the tetragonal crystal class and the elastic constant values are reported
in table 6.1
The crystal symmetry allows to use the same analytical results obtained for TeO, us-
ing the appropriate elastic stiffness constants. Only the detailed study of the relevant
acoustic mode used in the birefringent AO interaction is examined, the reader is invited
to follow the same analysis described in Ch.2 for Tellurium Dioxide in case of the other
acoustic modes.
The acousto-optic interaction takes place in the tZ plane, because the slowest velocity
lies in this plane, and the acousto-optic figure of merit is at a maximum. Another rea-
son to select the plane is the acoustic wave polarization, which is always perpendicular
to the plane due to the crystal symmetry; the phase velocity expression for the slow
shear mode for an arbitrary direction of propagationin the plane can be expressed by
Eq.(3.30): ’

Ve = C—Zﬁcosz(e) + % sin? (8) = V; co2(0) + V, sir?(6) (6.1)

with 6 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 AOTF design, it is necessary to introduce the physical and chemical properties of



83

Calomel Single crystal, which effects the design consideration.

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 conventional bonding technique using elevated
pressure and non-noble metals as bonding layers. Calomel single crystal (Hg,Cl,) chem-
ically reacts with non-noble metals releasing free mercury and creating defects on the
surface which propagate inside the crystal, therefore the conventional technique used
in Gooch and Housego Ltd. (UK) cannot be implemented because it requires the use of
non-noble metals at high pressures. Attempts to bond an ultrasonic transducer directly
was reported by Gottlieb [36] and Gupta [34], where the calomel crystal is protected
by a thick layer of gold. This solution was impractical from the point of view of day
to day production due to the inherentrisk of contaminating the bonding plant.

A solution was proposedto overcome the bonding issue related to the conventional
technique consisting of the use of a intermediate substrate made of a material with
similar acoustic impedance, where a conventional bonding technique could be used;
where the continuity of polarization vectors is preserved across the two different mate-
rials, in orderto excite the correct acoustic mode inside the Calomel crystal.

This technique is described in detail in the next section, before describing the design of
the Calomel AOTFs developed for the MINERVA system, the non-standard bonding
technique is 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 means of an adhesive layer. Particular
attention has been paid to identify a proper material, which should have similar acoustic
impedance and most important, that the eigenvectors continuity is maintained in order
to excite the correct acoustic mode inside the AO material. The continuity condition
is defined by

V(eal) X Vyg,cCl, (HaZ) =0 (6-2)

whereVv and Vyg,c, are the eigenvectors related to slow shear mode in this case for

the substrate material and for the Calomel cell, respectively. Different materials were



investigated in order to determined the best candidate to use as a substrate.

6.4 Substrate choice: Tellurium Dioxide TeO,

The material choice of the substrate was influenced by the availability and possibility
to be manufactured inside the G&H site, leading to three different possibilities: fused
silica, crystal quartz, and Tellurium Dioxide. The theoretical performance of each
substrate was investigated in order to determine the best candidate for the prelimi-
nary test. Crystal quartz and fused silica were considered but poor acoustic matching
impedance was predicted by a dedicated modelling routine prepared in Matlab written
by the author.

The preliminary results are not reported below for brevity and only the results of the
most promising material are reported in this thesis. The material substrate giving the
best performance was found to be Tellurium Dioxide, due to its crystal class being
similar to the Calomel single crystal. It posses a similar acoustic impedance for the
slow shear mode relevant to the acousto-opticinteraction. Because of the anisotropic
nature of the phase velocity in both crystals, a mathematical model was developed in
Matlab by the author to determine the best orientation for both crystals to maximize
the acoustic transmission between the bonded substrate and the AO cell.

6.5 Acoustic impedance matching

The theoretical acoustic coupling coefficient between two different materials is esti-
mated by the acoustic impedance definedby Z = pJ’, where V is the acoustic veloc-
ity defined by the mode and propagation direction in case of acoustically anisotropic
material. The transmission and reflection coefficients are defined from the acoustic

impedance by [6]:

_ 22(0) — Z44(0)
Z;(0) + Z1(0)

_ 2409
Z,(0) + Z41(6)

(6.3)

(6.4)

where Z, = pV;(6) is the acoustic impedance of the acoustic wave in the first medium,
whichis TeO,, and Z, = pV,(#) is the acoustic impedance in the second medium, which
is the AO cell made of Calomel.

The theoretical reflection coefficient is estimated for any propagation direction of the
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acoustic wave in the latter with 8,, in the range between0 ° and 180 ° rotating the
former. Results of the theoretical transmission are shown in Fig.6.1(a), using the
schematic of Fig.6.1(b) as a reference, wherea perfect bond at the interface 1 is as-

sumed.
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Figure 6.1: Configuration of TeO, bonded to Hg»Cl, (a) and relative transmission coefficient

(b)

The theoretical model developed in Matlab allows the best orientation of the substrate
for a given direction of the acoustic wave to be selected. It is possible to maximize the
transmission of the acoustic wave from a medium to another. The theoretical trans-
mission of the acoustic wave between Hg,Cl, and TeO, crystals is 95%, in practice
this value is never reached this due to presence of an organic bonding layer affecting
the coupling coefficient.

6.6 Bonding material

The choice of the bonding material depends on the Calomel single crystal properties

and should have the following specifications:

e No UV cure required: Hg,Cl, single crystal must be protected from UV ra-

diation, otherwise the crystal becomes dark and prevents transmission (solarize),
consequently the bonding material must cure without UV expositions.

e Good homogeneity: the acoustic waves travelling through the bonding layer
should not be subject to scatter, in order to maintain the direction of polariza-
tion vectors; thus the particle size inside bonding layer should be an order of

magnitude smaller than the acoustic wavelength.



e The hardness of bonding layer is proportional on first approximation to the
acoustic waves attenuation, which should be minimized.

e Room temperature cure: due to the different thermal expansion coefficient
of the two crystals and of the bonding material, a room temperature cure is
desirable to avoid the introduction of additional stress at the bonding surfaces.

e Low viscosity would help to spread an even and thin layer of glue on the surface,

helping the transmission of acoustic waves.

e Full curing Time at room temperature must be between the 24 and 36

hours, with setting time of about 15 minutes.

Different types of glues have been examined and the lens cement glues have the correct
physical properties except the UV radiation to activate the curing process. The ones
listed below do not required UV curing and fulfil the additional requirement:

e Summer Optical Lens Bond F-65
e Summer Optical Lens Bond RD3-74

e Araldite 2020

The acoustic properties of the glues are difficult to predict and no values are reported
by the supplier, therefore in order to determine the transmission coefficient of the
different glues an acoustic experiment has been carried over using the pulse-echo rig
and an acousto-optic tests, initially bonding two different substrates made of TeO, with
the same orientation and assuming the theoretical transmission equal to 100%. Once
the glue with best acoustic performance is identified, a Calomel cell and the acoustic
prism with an ultrasonic transducer is bonded to create an acousto-opticdevice.

6.7 Pulse-echo measurement: Setup

The acoustic wave transmission between the two different substrates was measured
by means of a pulse-echo techniques, which requires an interface solid/air identified
as second interface (Fig.6.2), parallel to the transducer face. A special device mount
has been designed and built, which allow to test different bonded samples; the de-
vice mounted is realised in Polyoxymethylene (Delrin) (Fig.6.2) in order to avoid to
damage the Calomel crystal when used. The material choice has been dictated by the

incompatibility of calomel with non-noble metal layers, which would cause corrosion,
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Figure 6.2: Device to measure the transmission of the acoustic wave between two materials
bonded with glue

gradually destroy the bond and damage the crystal

The effect of the bonding layer on the transmission coefficientis measured from the
amplitude of echo detected by the ultrasonic transducer reflected from the interface
between TeO, and Hg,Cl, and between Hg,Cl, and air, where the ratio between am-
plitudes of two adjacent peaks gives the reflection coefficient of the interfaces.

A slow shear wave propagating along the [110] direction has been selected in both
substrates because the acoustic walk-off is zero, therefore the acoustic pulse time of
flight is determined only by the sample thickness. The first substrate bonded with
the ultrasonic transducer has a thickness equal to 1.9 mm and 5.0 mm for the second
substrate, the phase velocity (V = 616 m/s) is the same in both substrates.

The transmission coefficient theoretically is equal to 1 and no reflected wave should be
detected from the first interface, in practice the presence of a glue layer reduces the
transmission coefficient due to the different elastic properties.

The experimental test bonding TeO,-TeO, shows that the glue layers affect signifi-
cantly the transmission coefficientand "spurious echo” reflected by the first interface
are detected by the transducer, as shown in Fig.6.3(c).

A routine has been developedin order to determine the time distribution of all the
reflection coming from both interfaces when the substrates thickness are defined by the
user, and markers are automatically added to identify the “expected position” of each
echo source.

The glue layer has been considered to determine the different source of the signal de-
tected at the transducer level, therefore the first series of echoes is comes from the first
interface, and the second from the solid/air interface; the third comes from a more
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Figure 6.3: Diagram of the possible acoustic paths inside the crystals (a). Photograph of the
device to assess the quality of the bonding obtained with the glue layer (b). the Experimental
results obtained from the pulse-echo RIG of two TeO, samples bonded with Araldite 2020 (c).

complex reflection (Fig.6.3(a)).

Several substrates with a bonded transducers have been prepared) and due to the man-
ufacturing tolerance the average thickness of the substrate is equal to 1.9 mm * 0.001
mm, due to the variation of the transducer thickness and bond thickness between the
ultrasonic transducer and the TeO, substrate. The tolerancesintroduce an error in
the estimation of the time of flight which is equal to 0.100 ps, which is beyond the
detectable signal from the pulse echo Rig. The second substrate in TeO,, which repre-
sents the AO cell, has thicknessof 5 mm + 0.001 mm.

The experimental results showsa good agreement with the prediction obtained from
the mathematical model developed, but the coupling coefficient was difficult to estimate
due to the RF power detector which is not calibrated, therefore the only significant re-
sults obtained is the verification of the correct acoustic mode excited in both substrate
and the effect of the glue layer used as a bond material.

The best results have been obtained from “Araldite 2020” (Fig.6.3), which has been
selected to be used with Calomel substrates polished by BBT.
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6.7.1 Bonding experiment: Calomel

The phase velocity in Calomel single crystal along the 110 direction is equal to 347m/s,
and power reflection coefficient for an ideal bond obtained contacting TeO, and Calomel
is equal to 16%. In the real device the glue layer’s presence will increase the reflection
coefficient. Experimentally using the F-65 and RD3-74 no echoes from the second
interface could be detected by the pulse-echo Rig, and the only possible conclusion is
no acoustic wave are efficiently coupled inside the Calomel substrate. Araldite 2020
shows a reaction with the Calomel cell due to the primer, and it seems that free mercury
is released from the interface, helping the acoustic coupling between the substrate due
to the presence of a bond layer, which gradually changes its composition from glue to
mercury with an equal acoustic impedance at the interface with Calomel crystal. The
pulse echo measurement shows the presence of only one echo coming from the interface
air/solid. In order to have additional information, an acousto-optic experiment has
beenrealized using the cell as a deflector, which is the topic of the next section.

6.8 Acousto-Optic Test

The Acousto-Optic test will indicate the acoustic coupling coefficient between the
bonded substrates, comparing the measured diffraction efficiency versus RF power ap-
plied to the transducer, and it will be used as a reference. The theoretical values of the
expected diffraction efficiency considering a perfect bond between the transducer and
AO cell.

The Bragg condition is obtained for any internal incident angle 6; for different wave-
lengths but only a limited interval can be use due to the cell dimension, therefore a
routine has been developed in order to predict the performance of the AO interaction
and RF frequency to achieve phase matching condition for the range of allowed an-
gles. The acoustic field is considered equal to the electrode size and near-field effects
and diffraction of the acoustic wave have not been considered for simplicity. A laser
source with an emission at 1550 nm has been selected due to the low power requested
to achieve peak diffraction efficiency and the relative low frequency. The diffraction
efficiency is determined by Eq.4.10, proposed again below

{ _
2 T M,LP,
Agcos @ 2H

n = sin (6.5)



where L and H are the transducer dimension, P, is the RF power, @ is the input angle,

Ao is the laser wavelength and M, is the acousto-optic figure of merit [6]:

n3n3 pers (0)?
M, = Pabert {0 (6.6)
where:
Peff = B 2 P cos’(6) + Pag sin®(6) (6.7)

In the case of tellurium dioxide single crystal the photoelastic constants are: p;; =
0.0074, p1, = 0.187, pss = -0.17.[6]. In case of Calomel single crystal the photoelastic
constants are: p;; = 0.551, p;, = 0.44, the value of py, is unknown in the literature. The
acoustic velocity is along the < 110 > direction then § = #/2 and pess = 0.0555. For a
given wavelength, the theoretical value of M, is given and from Eq.6.5 the RF power
transmitted inside Calomel single crystals could be inferred. The phase matching con-
dition is obtained by changing 6; rotating the device and modifying the RF frequency
applied to obtain Bragg diffraction. Theoretically the phase matching condition has
been estimated by a dedicated Python routine developed by the author, which evaluate
the acousto-optic properties for four different wavelengths and a given electrode size
and RF powerapplied. The RF frequencyand diffraction efficiency shown in Fig.6.4
were estimated for an RF powerof 0.5 W an electrode with dimension of 5.0 mm x
5.0 mm, and an interval of ¢; between 0 and z/4.
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Figure 6.4: RF frequency to satisfy the phase matching condition for different wavelengths
versus incident internal angle (left) and the diffraction efficiency D.E. versus incident internal
angle (right).

The RF frequencyis limited by the centre frequency of the transducer, therefore the
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wavelength has to be choose accordingly with the available interval of §; determined
by the geometry of the cell.

6.9 Experimental Results of the Acousto-Optic test

The AO cell used to measure the diffraction efficiency has the following dimensions:
5.0 mm [110] x 10.0 mm [110] < 10.0 mm [001] (Fig.6.5) and the maximum external
0; is approximately equal to 25°.

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

The RF frequency needed to satisfy the phase matching condition has been recorded
equal to 33 MHz for an approximate input angle §; =~ 11 ° internal, and a diffraction
efficiency equal to 50% using Leans Bond F65 and equal to 55% using Lens Bond RD3-
74, which is lower by approximately 5% - 10% compared to the prediction due to the
presence of the glue layer.

The performances achieved with the bonded Calomel cell are strongly affected by the
glue layer, which is also confirmed by the pulse-echo results with an RF power of about
0.5W and diffraction efficiency equal to 8%. The excitation of the correct acoustic mode
has been verified by the Schaefer-Bergmann pattern obtained at 632.8 nm (Fig.6.6)
The bright dots visible in Fig.6.6 are due to the constructive interference of spurious
acoustic waves for the applied drive frequency; the slowness curve of the slow shear
is visible in the SB pattern confirming the excitation of the correct mode inside the
Calomel crystal.



Figure 6.6: Schaefer-Bergmann pattern obtained by the slow shear.

6.10 Bonding Trial results

The results obtained from the different glue bonding TeO, over TeO, show relative good
acoustic coupling between the two samples, confirmed by the pulse-echo and acousto-
optic tests. Different results have been obtained when bonding the TeO, substrate
to the Calomel crystal, because no echo has been detected from the second interface
(Calomel/air) using all the three different glues identified. The acousto-optic test shows
that some degree of acoustic coupling is achieved only with Araldite 2020, perhaps due
to the presence of free-mercury release at the surface by the activator (Fig.6.7).

Figure 6.7: The effect of the activator used with Araldite 2020 on Calomel cell after t = 0 [s]
(a), 20 [s] (b), 40 [s] (c), after full curing 48 hours (d)
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The free mercury is confined inside the bond layer creating a transition from TeO,
to Calomel, Araldite 2020 has been used to build the first prototype of the Calomel
AOTF; the resultsreported in the next section.

Unfortunately, the experimental results cannot be easily compared against the model
prediction because the current development of the bonding process does not show
good repeatability. This is due to the difficulties of obtaining repeatable thickness and
identical chemical composition of the adhesive layer, hence the acoustic transmission
of the bonding layer is difficult to estimate in each case.

In addition, the continuity of the polarization vector for the acoustic waves between the
two materials is always satisfied for any direction of propagation in the t/110]-Z[001]
for both crystals.

The orientation of the acoustic substrate has to be determined in order to maximize
the acoustic transmission for the selected direction of the acoustic wave in the AOTF.

6.11 Firstprototype of Calomel AOTF in a non-collinear
configuration

The first prototype of an AOTF made of Calomel was designed in a non-collinear
configuration under the parallel tangent matching condition, with a tuning range which
covers the wavelength range from 1 pm and 2 pm; the wavelength range has been
selected to cover the spectrum of the available white light source and the available
optical spectrum analyser range. The input direction was equal to ¢#; = 10.13° and the
acoustic direction equal to 6, =~ -85.0°, the tuning relation is shown in Fig.6.8(a) and
the passband is shown in Fig.6.8(b).

SA[nm)

Apm] Alpm]

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

The interaction length is determined by the electrode dimension, which is bonded to



TeO, substrate (RD3060 - in the appendix). The bonding face of the Calomel cell is
oriented along the [001] axis and the acoustic wave direction is determined by the angle
of the prism, applying the Snell’s law to the phase velocity in the two material.s

Free Mercury
Released

Calomel AOTF

Hg,Cl,

Araldite 2020+ Mercury

Araldite 2020

TeO,

! TeO, Prism

(a) (b)

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

In order to maximize the transmission of acoustic waves from TeO, in to the Calomel,
the acoustic direction inside the substrate has been selected along the [110], where the
phase velocity reaches a minimum; the angle between the transducer and the bonding
face in the TeO, substrate is equal to 8.36° in order to launch acoustic wave in the

desired direction inside the calomel crystal. The angle is easily determined by:

sin(6i) _ sin(6r)
V(@) V(er)

(6.8)

with ®; and ©, are measured from the perpendicularto the surface, §; and 6, are
relative to the crystallographic orientation using Fig.6.10 as reference.

The theoretical transmission coefficient in case of direct contact between Calomel and
Tellurium Dioxide is equal to 83%, due to the acousticimpedance mismatch determined
by the direction selected in TeO,. It was selected a propagation direction along the
110, where the acoustic walk-offis zero, and the acoustic direction in the Calomel cell
is the same. In reality the presence of the bonding layer will affect the transmission
coefficientincreasing the RF power versus diffraction efficiency, leading to a reduced
acoustic power inside the calomel cell.
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Figure 6.10: Reference angles used to predict the acoustic direction of transmitted acoustic
waves applying the Snell’s law.

6.12 Experimentalresults

Two AOTFs with the configuration described in the previous section have been built
and tested using Araldite 2020 as bonding material. The TeO, prism has beenbonded

to the face C (referto appendix) and the acoustic direction is equal to 8, = -85.0 °.
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Figure 6.11: Schematic of the non collinear AOTF made of Calomel, where the acoustic field

is shown in each parts of the device.

The transducer has been matched to a centre frequency of 49.2 MHz, which corre-
spondsto 1550 nm; the diffraction efficiency of the first device is equal to 10% for an



RF power of 1.843 W, the second device showed a diffraction efficiency of about 40%
for an RF power equal to 1.8 W.
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Figure 6.12: Experimental results obtained with the TeO»> substrate bonded on the face "D”
(a)and on the face “C” (b).

The AOTF cell has been configured in such way, that the Face “D”, opposite to trans-
ducer, could be bonded with the same prism and have the acoustic wave propagating
along the [110] direction; under this condition the phase matching is achieved at 68
MHz for a wavelength equal to 632.8 nm, where the diffraction efficiency was measured
at 10 % for an RF power equal to 0.3 W.

The theoretical tuning relation shows good agreement with the results obtained from
the preliminary test of the first prototype, but the diffraction efficiency measured could
not be compared with the theoretical model due to the presence of the glue layer and
the unknown values of p44, which was set to zero. The transmission coefficient at the
interface can be estimated by bonding the substrate to the opposite face, the acoustic
direction is then along the [110] axis, hence the effective photoelastic constant is defined
by Eq.6.7. Then the RF power versus diffraction efficiency can be predicted and the
coupling coefficient between the two material can be inferred.

The measured diffraction efficiency was in the range between 1% - 3% at 1550 nm with
f = 6031 MHz and P = 2 [W], therefore the coupling coefficient has been inferred to
be between 7 dB and 10 dB.
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6.13 AOTF design Optimization

In the literature this material is well characterized and several papers have been pub-
lished about its use in acousto-optic modulators (AOMs) due its high Acousto-Optic
figure of merit compared to TeO, with the longitudinal mode. In the case of acousto-
optic devices exploiting the slow shear interaction for an arbitrary acoustic propagation
direction in the t[110]-Z[001] plane, the effective photoelastic coefficient is a linear sum
of various tensor components, but it is not possible to optimize the design because one
value of the photoelastic constants (p44) is currently unknown.

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

gence for the wavelength range of interest, which limit the performance for wavelengths
above 5 um. A comparison between the different M, of several AO material useful for
AO application arereported by Gupta et al. [39] and shows the limitation of Calomel as
AO material for Infra-Red application; in addition the AOTF performance is strongly
dependent on the values of p44, which is unknown.

The non-collinear configuration shows its limitation for wavelength above 4.5 pm due

to the limited birefringence, where the usable interval of #; is limited by the values
of M, and the extension of the tuning range is determined by maximum frequency
(Fig.6.13).
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Figure 6.13: RF Frequency versus 0; for the wavelength range between 4.5um and 10 um for
the OE+ (a) and EO+ (b) where the octave region is shown by shaded region

The octave was shown in Fig.6.13 by the dotted area, therefore it is not possible to
cover the whole range from 4.5 um to 10 um with a single device with an octave of tun-
ing span, in addition the ultrasonictransducer does not work efficiently for frequencies
below 15 MHz. In conclusion the additional constraint are added to 6#;, which should
be greater than 10.0°, achieved at the expense of the efficiency of the AO interactions.
This increases the RF power consumption, assuming a conventional bonding technique

is used and py44 equal to zero.



The RF power versus peak diffraction efficiency can be reduced by maximizing the
ratio L, /H. In case of a non-collinear configuration the minimum ratio required to not
exceed 5 W is theoretically estimated to be equal to 20, with the help of a dedicated
routine design developed in Python. In practice due to material size limitation the
maximum ratio is below 2.5 leading to non-efficient devices (Fig.6.14).
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Figure 6.14: RF power for peak diffraction efficiency with different dimensional ratio of the
transducer.

The effect of pys on the AOTF’s performance has not been considered in the previous
analysis, in order to complete the feasibility study and optimize the AOTF design to
maximize the performance the values of all the photoelastic constant should be known.
The next section is dedicated to the missing photoelastic constant p44, where its effect
on the AOTF performance is theoretically estimated and an experiment is proposed to
measure the value of pss.

6.14 The Quasi-Collinear configuration

The non-collinear configurationis often used for a non-coherent source or in imaging
system, the limited interaction length limits the diffraction efficiency achievable due
to the practical limit imposed by 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 source with diffraction limited
output, such as obtained from a supercontinuum source.

It 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 estimates 6; for any direction of 8, and the

relative RF frequency required to satisfy the phase matching condition and M, for

three different value of py4.
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Figure 6.15: Relation between 6; and 6y(a). Different values of M, using different values
for the missing photoelastic constants pas(b). Internal separation angle versus 6in(c). RF
frequency to achieve phase-matching condition for different incident angles(d).

The acousto-optic figure of merit (M, ) is affected by the value of p44, an improvement
of M, is obtained independently of the py4 sign for §; < 28 °, as shownin Fig.6.15(b)
and in addition the RF frequency to achieve phase matching condition is above 25
MHz for A = 10 pm, where conventional transducers work more efficiently, leading to

an optimal configuration for the AO cell independently of the value of pys.

6.15 Calomel QC-AOTF

A first prototype was designed with 8, = -96°, 6; = 43.84 °, H = 3.0 [mm], L, = 21
[mm], and p44 = 0; the predicted performance is shown in Fig.6.16.

The diffraction efficiency is theoretically predicted with no attenuation introduced at
the interface between TeO, and Hg,Cl, as shownin Fig.6.16(e). A TeO, prism was
designed to maximize the acoustic transmission between the two materials, not taking
into account the effect of the bonding layer. The transducer face, perpendicular to 6,
has been tilted by angle of 5.0° in order to use a TeO, prism to avoid residual acoustic
waves reflected backward creating standing waves, therefore a conventional TeO, shim

with parallel faces should be avoided because the reflected acoustic wave will then be
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back-reflected the transducer with the same problem of a resonant AOTF. The angle
of the prism have been estimated applying the Snell’s law, with 6,(IN) = 85.0° (V =
634.38 [m/s]) in TeO, and 6,(OUT) = 67.1° (V = 529 [m/s]); 6 is defined by the AO
cell configuration and 6, is determined solving by:

C )/

TeO :
——2sin 6;
Hg2Cl2

Oin = arcsin (6.9)
using Fig.6.17 as reference.

The AO cell has been configured with parallel faces between'C’ and’'D’ faces (Fig.6.17(a),
therefore the AOTF could be configured as a resonance or conventional AOTF. The
conventional AOTF is realized adding acoustic dumping to ‘D’ face, otherwise if the
former face is left polished with an interface between air/solid, then the acoustic wave
is reflected back on the same creating a resonant cavity.

The resonance frequencies are difficult to be recorded due to the presence of the glue
layer, which does not give a significant feedback signal at the transducerlevel, there-
fore resonant frequencies are difficult to track; in theory the diffraction efficiency should
increase significantly when the resonant frequency is selected. The thermal gradients
are significant due to the RF power level needed to achieve a reasonable diffraction
efficiency (> 50% for polarized light).
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Figure 6.17: Quasi-collinear Calomel cell, top and lateral view(a), where the acoustic walk/off
is marked by the shaded areas. Direction of the phase velocity inside the TeO» substrate and

Calomel cell(b).
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6.16 Calomel AOTF devices

AQTFs realised in Calomel and other crystals, which cannot be put in contact with
non-noble metals, require particular attention in the design process of the housing, in
order to remove the heat generated by acoustic waves. Temperature stabilization can
be achieved by two different means: one is using double Peltier heat pump glued to the
top and bottom faces, or using water cooling. The AO cell would be mounted on Pyrex
glass in order to protect the cell and at the same time to improve the heat transfer to
the metal base, a schematic of the AOTF is shown in Fig.6.18

Cell base

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

The cell base is typically made of aluminium alloy, which cannot be used in contact
with Calomel crystal. The glass mount can be easily fixed using Cyanoacrylate glues.
If the solution using the Peltier is implemented then the two heat pumps can be bonded
directly to the glass on the top and the bottom of the cell base.

The performance will be strongly dependent on the values of the missing photoelastic
constant (ps4), the direct measurement is affected by the glue layer transmission coef-
ficient, which is unknown. The effect of different values of py, is theoretically studied

in the next section and a technique to measure its value is proposed.

6.17 The effect on the AOTF performance of p44

The effect of pss has not been considered in the previous section, because no value is
reported in the literature to the knowledge of the author in literature. One of the diffi-
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culties in estimating p44 is caused by the necessity of developing non standard bonding
processes, where the acoustic transmission coefficient of the bonding layer can not be
estimated theoretically with sufficientaccuracy.

The AOTF performance can be estimated for different values of p44, which only affects

the RF power versus diffraction efficiency. The peak diffraction efficiency is estimated
theoretically for three different values of ps4 = [—0.5, 0.0, 0.5] (Fig.6.19), as it is possible
to notice that the sign and the magnitude of p44 significantly affects the performance. If
the unknown photoelastic constant has a negative sign, the RF power increases rapidly
to an impractical level.
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Figure 6.19: RF power for peak diffraction efficiency (PDE) versus wavelength for three
different values of pas(left). Acousto-Optic figure of merit versus wavelength for the three
different values (right).

The estimation of p4, for Calomel is of major importance; a solution is proposed and
theoretically could be extended to any other AO materials where a non-standard bond-
ing technique is used. The methods described here allow one to eliminate uncertainties
in acoustic coupling which would otherwise make this method indirect and hence inac-
curate. The acoustic impedance mismatch between Hg,Cl, and TeO, can be estimated
theoretically by assuming direct contact between the two crystals, consequently for
a given direction of the acoustic wave inside calomel, it is possible to determine the
best orientation of the tellurium dioxide substrate. The acoustic impedance is defined
as Z(63) = pV(6,), in case of TeO, the acoustic velocity is estimated from Eq.3.30
substituting V39 = 616 m/s and Vg, = 2104 m/s and the density (p) is equal to
5990 Kg/m?®[17]. The reflection coefficient of the acoustic wave travelling from TeO,
to Hg,Cl, is determined by [17]:

T = Z10: ~ ZHgicte (6.10)
ZT e0» + ZngClz
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where the acoustic impedance of each material depends on the direction of propagation
of the acoustic wave, the general solution is shown in Fig.6.1(b), assuming the config-
uration in Fig.6.1(a).The maximum transmission coefficient achievable is equal to 90%
not considering the effect of the bonding layer.

6.18 Evaluation of photoelastic constants

The photoelastic constants can be estimated by the diffraction efficiency () versus RF
power applied to the ultrasonic transducer estimated by Eq.4.9, and reported below:
N
> MyLaP
20H

n = sin
where L, is the interaction length and H is the height of the acoustic field. The values

of M, (Eq.4.11) for a given wavelength, RF power, and H/L, ratio can be obtained
experimentally from Eq.4.9, hence the value of per¢ (Eq.4.30) is theoretically estimated.

0.5 0.012

m E i tal y
xperimenta: 0.010 ® 70, v
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Figure 6.20: The estimated value of ps4 versus the glue attenuation (a) and the value ofp2eff
versus pas4 for Calomel and the value for TeO-.

The missing photoelastic constant can be inferred by solving Eq.6.5 to estimate M,

2H? 2
2 = L.P 2 arcsin“(n) (6.11)
then pess is obtained solving Eq.4.11
N,
V (6,)°
Dert =  —o Ga)” (6.12)

N3 (6:)ng (6a)
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and py4 is equal to ,
Dt = Peff — Pgg Sin(6a) cos(0y)
“ cos(6a) sin(fq)

(6.13)

using Eq.4.30. A possible value of pys can be estimated from the measurement on the
first prototype of the AOTF made of Calomel with #, = -85.0 [deg], 6; = 15.13 [deg],
where the glue layer attenuation and the acoustic impedance mismatch theoretically
reduce the acoustic power between 0 dB 20 dB. The diffraction efficiency is considered
fixed to 40 % for 1.8 W applied to the transducer in order to obtain comparable results.
If a variation of the attenuation is introduced by the glue layer in the model then the
acoustic powerinside the AO cell is reduced and the efficiency of the AO interaction
increases because D.E. level is achieved for lower acoustic power inside the AO cell,
hence the pess increases as shown in Fig.6.20(a).

The experimental results of the first prototype with a bonded transducer to the 'D’
face shows that the attenuation of the acoustic wave is about 6 dB, when crossing the
interface between TeO, and Hg,Cl,; if it is assumed the same property are applied to
the bond layer to the 'C’ face, then the effective power inside the Calomel cell is equal
to 0.6 [W] for a RF power level of 1.8 W giving a diffraction efficiency of 40 % at A =
1.550 pm , and H/L = 0.625. The inferred pess = 0.010 from the experimental results
and consequently pys = -1.6 (Fig.6.20(b)). The negative value of py4 is affecting nega-
tively the achievable performance in the long wavelength region (4 > 4.5 um) as shown
in Fig.6.19. The bond layer properties have been assumed the same, in reality the glue
layer properties are strongly dependent on the bonding process, chemical composition
, and environment effects, therefore repeatable results are not achieved at the current
stage of development.

Due to the unknown transmission coefficient of the adhesive layer between TeO, and
Hg,Cl,, it is not possible to directly estimate p44, but the missing photoelastic constant
can be estimated using a specially designed acoustic coupling prism with two transduc-
ers at different orientations, allowing exclusion from the measurements the coupling
coefficient between this prism and the Hg,Cl, crystal.

6.19 The AO interaction

The acousto-optic interaction has been theoretically estimated for two different acous-
tic directions. The acoustic wave directions have been selected to achieve the phase
matching condition for a given direction of electromagnetic radiation. In the first inter-
action the acoustic wave propagates along the <110> and the transmission coefficient

is estimated from the diffraction efficiency for a given RF power at a fixed wavelength,
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because 0, = /2 and pess = (P11 — P12)/2.

The second AO interaction is obtained for an acoustic wave propagating along a differ-
ent direction, in order to maximize the acceptance angle, the phase matching condition
between the acoustic wave and incoming electromagnetic radiations has been config-
ured to satisfy the parallel tangent matching condition (Eq.4.6); the geometry of the
AO interaction is shown in Fig.6.21, and estimated theoretically by a dedicated routine
developed in Python.

The orientation of the transducers on the TeO, prism is determined applying the Snell’s
Law, at the interface Fig.6.22(a):

sin®; _ sin®
V1eo, (0i)  Vhg,cr,(6)

(6.14)

where 6; and 6; are the directions relatively to crystallographic orientation of the inci-
dent and transmitted elastic waves, and ©; and O, are the directions to the normal of
the interface. The solution of Eq.6.14 is found numerically, because the phase velocity
change with direction inside the crystal due the anisotropic nature of the materials.
Due to the anisotropy of the material the walk-off of the acoustic waves has been eval-
uated in order to determine the direction of the acoustic energy, in order to finalize the

practical design.

>
Cd

Z [001]

t[110]

Figure 6.21: K-space diagram for the AO interactions with 6,1 = /2 and 6a2 arbitrary

6.20 Calomel cell configuration

The orientation of the input face is designed to satisfy the parallel tangent matching
condition for a given direction of the acoustic wave (—0,,), and the second transducer
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is oriented along <110> direction to estimate the coupling coefficient.

The two AO interactions are configured in order to have the same input direction, but
the RF frequency required to satisfy the phase matching condition should be the same
in both case to have similar acoustic wavelength at the interface between TeO, prism
and the Calomel cell. For this reasonit is advisable to use two different wavelengths,
because the phase matching condition in case of f; is achieved fora RF frequency below
10 MHz, where the ultrasonic transducer made of LiNbO3 does not work efficiently.

A particular case is proposed for illustrative purposes where the AO cell had been

v(e,)

Hg,Cl,

v

TeO,

(@)

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

configured with an acoustic direction 6,, = -80.5" and an input face of §; = 20.0° under
parallel tangent matching condition. The expected RF frequency in the anisotropic AO
interaction is approximately equal to 77 MHz for A = 2000 nm for 6, = -80.5°. For the
acoustic wave propagating along <110> (for 8, = - 90°) the expected RF frequency
is too low for A = 2000 nm, therefore another wavelength equal to A = 632.8 nm has
been chosen, where the theoretical RF frequency is equal to 29 MHz.

The bonding face of Calomel is parallel along the <001> direction and the prism has the
following propagation direction 8,; = -74.74° and 6,, = -90° from the optical axis and
the angle between the T2 plane and bonding face of Calomel is 15.26°. The direction of
the first transducer has been configured between parallel faces, therefore two possible
measurements can be carried over to increase the accuracy of the measurement of the
transmission coefficient: one is using a pulse-echoes technique, and one is evaluating

the diffraction efficiency for a given RF power at a specific wavelength.
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Figure 6.23: Tuning relation between the acoustic field from transducer T1, where the phase
matching is satisfied under the parallel tangent matching condition, and the acoustic field
from transducer TZ.

6.21 Experimental setup and theoretical performance

The diffraction efficiency versus RF power for a given wavelength is measured by means
of a standard laser line test, which consists of a laser source, RF synthesizer, RF power
meter, and lock-in amplifier. The AOTF is aligned in order to achieve peak diffraction
efficiency for both wavelengths using the lock-in amplifier with a sensor mounted on
an integrating sphere (Fig.6.24).

The available source are an He-Ne laser at 632.8 nm and diode laser at 2000 nm, both
vertically polarized corresponding to ordinary ray in the Hg,Cl,. A dichroic mirroris
used to superimpose both lasers onto the same path,so they enter the Hg,Cl, crystal
at the same point and at the same 6;. Due to the high refractive index and the ab-
sence of chromatic compensation at the output face, which is left parallel to the input
face, the different wavelengths exit at different angles thus it is possible to separate
them spatially. After the alignment is optimized, the RF power for peak diffraction
efficiency will be recorded by relative measurement. Assuming a ratio L,/H equal to 2
then the diffraction efficiency versus RF power is evaluated by Eq.4.9, for the first AO
interaction the RF power for peak diffraction efficiency is estimated to be about 0.190
W. A margin of approximately 30% should be allowed due to the theoretical acoustic
impedance mismatch between Hg,Cl, and TeO, for the selected acoustic direction dis-
regarding losses introduced by the glue layer. From the value recorded the effect of the
glue layer may be estimated. From the second transducer, the theoretical diffraction
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Figure 6.24: Laser line test setup to measure diffraction efficiency versus RF power.

efficiency versus RF power is estimated from Eq.4.9 with an allowance of 14% in prac-
tice due to acoustic impedance mismatch. The exact value of coupling coefficient is
obtained from the measurement taken from the first transducer. Therefore the missing
photoelastic constant (ps4) may be estimated using Eq.4.9 - Eq.8.10.

The method described would allow the determination of the missing photoelastic con-
stant of Calomel. The solution proposed allows the removal of the uncertainty due to
the transmission of the glue layer, which is affected by the thickness and its physical
properties. Two experiments are planned to determine the accuracy of this method.
The first one will be used to measure the actual coupling coefficient between the Hg,Cl,
cell and the substrate, and the second one will be to measure the values the missing
photoelastic constant in Hg,Cl,. The method described cancels out the unknown glue
coupling coefficient. It is envisaged that this method can be used as a general method to
estimate the value of the photoelastic tensor components of new and difficult materials
where one has to rely on an acoustic connection of unknown transmissivity between the
test material and the acoustic transducer, and where transducer bonding techniques
commonly used in the acousto-optics industry cannot be applied because of mechanical
and/or chemical incompatibility.
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6.22 Conclusion

A feasibility study of AOTFs using Calomel single crystals to extend the tunable range
up to 10 pm was undertaken. There are several challenges to overcome in order to
realise an efficient device which can be used in the system under development in the
MINERVA project. From the theoretical point of view the value of M, in case of the
slow shear interaction is lower than that of Tellurium Dioxide, and the limited bire-
fringence, combined with long wavelength create design problems.

The limited birefringence leads to a low RF frequency reducing the wavelength range
covered by a single device. A solution may be to increase #; at the expense of the M,
increasing the RF power versus diffraction efficiency.

The limitation for wavelength above 3 pum has been described in the previous chapter,
extending the wavelength range up to 10 pm leads to impractically high RF power
required to achieve a suitable diffraction efficiency, leading to strong thermal gradients.
These limitations, as explained in the chapter, are mainly due to the chemical and
physical properties of Calomel single crystal, since a conventional efficient bonding
technique cannot be used. A solution has been devised where the conventional bond-
ing technique and subsequent transducer reduction to the correct thickness is realised
on a buffer substrate of choice, where this process is well known. The material of choice
for the substrate has been found to be Tellurium Dioxide, since it belongs to the same
crystal class maintaining the continuity of the eigenvector between the two media, in
addition the acoustic impedance between the two materials maximizing the acoustic
transmission. The TeO, substrate with the ultrasonic transducer is bonded to the AO
crystal by means of organic glue. The preliminary results shows agreement with the
theoretical model developed, but the bonding technique is still in an early stage and
the results obtained are not repeatable.

The first AOTF prototype configured in parallel tangent matching condition shows
good agreement for the tuning relation but the RF power versus diffraction efficiency
was low due mainly to the presence of the glue layer. The non-collinear AOTF was not
tested before the end of the research period due to a commercial pressure.

In conclusion also if all the engineering challenge would be solved, the performance of
the AOTF are limited by the AO properties of the Calomel Crystal. If the bonding
technique is improved a resonant configuration may help to reduce the RF power con-
sumption, but the longer wavelength is about 8um, above requires the use of a different
ultrasonic transducer. The Calomel single crystal is an Acousto-Optic material with
good performance using longitudinal wave [2]-[38]. In AO devices exploiting the slow
shear interaction, the performance in Calomel is limited by the low value of M,, which

in turn appearsto be limited by an “unfortunate” value of p44 coefficient.
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Chapter 7

Dual Polarization imaging AOTF

Imaging AOTFs are designed to satisfy the parallel tangent matching condition, where
the AO interaction is optimized for one input polarization. In a conventional imaging
AOTF, if the input is un-polarized broad band light then two orders are obtained as
output. The source of the two orders is simply due to the phase matching condition
satisfied for both polarization states, conventionally the two orders are defined as +15¢
for the vertical polarization input and -1 for the horizontal input defined by the acous-
tic direction. The spectral composition of the centre wavelength for a given frequency
is different for each diffracted order, which can be estimated theoretically by solving
the AO interaction for a given 6; for each input polarization. The k-space diagram for

this particular case is 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 6, = -71.123° and consequently #; = 55.574° as shown in

Fig.7.2.
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tangent matching conditions (right) and difference the between the two types of AO interac-

tions versus 6; (left)

This AO interaction has an inherently high frequencyin the visible range, hence the

acoustic attenuation restricts the aperture for practical devices. This limitation can

be overcome by selecting a wavelength range above about 2 pm. The acoustic walk-off

and the angle of the input face leads to a cell of large dimensions, where most of the

material is not used (Fig.7.3), leading to a device that is wasteful of material and in-

herently expensive from the manufacturing and material point of view.
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Figure 7.3: Proposed dual polarization AOTF design, where a

actual interaction length is shown in red.

“dead-zone” is marked and the
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This particular configuration has several drawbacks in the UV - visible, for wavelength
beyond 2 pm the centre frequency is typically below 70 MHz, therefore the acoustic
attenuation does not dominate the diffraction efficiency across the aperture. The im-
practicality to build such device is the inefficient use of the crystal volume. A solution
is therefore proposed to increase the interaction length by configuring the cell in order
to reflect the sound in a controlled direction to increase the interaction length. This is
obtained by orienting faces "E” and "F” parallel to the Z faces, the reflected acoustic
wave direction and applying Snell’s law is mirrored. The phase matching condition for
the reflected wave is not satisfied and therefore no diffracted order is obtained, on the
second reflection again the acoustic direction is directed again along 6,; and the phase

matching condition takes again place.

7.1 Theoretical Performance

The theoretical tuning curve of the dual polarization AOTF design is shown in Fig.7.4
for a wavelength range between 2 pm and 4.5 pm, 6; is fixed, consequently due to

the dispersion of the material the acoustic direction changes. The acoustic direction
for both polarizations is not exactly the same for the given #; but the maximum error

introduced is equal to 21.6 arc-second, which is below typical manufacturing tolerances
(5 minutes).
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Figure 7.4: Tuning relation (left) and difference in frequency to between the two type of phase
matching condition(right).

The RF power for peak diffraction efficiency is shown in Fig.7.5 assuming a transducer
length equal to 25.0 mm and height of 5.0 mm, which gives an interaction length of
14.22 mm.

If a practical limit to the maximum RF poweris limited to 5 W, as is the case of a
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Figure 7.5: Diffraction efficiency of the dual polarization AOTF (left) and RF power to
achieve peak diffraction efficiency (right).

conventional AOTF when the RF power for peak diffraction efficiency (D.E.) is above
the limit. Hence the maximum D.E. for each polarization is below 65%. From Eq.8.11
it is clear that the only solution to reduce the RF power consumption is to increase
the interaction length, but this is obtained at the expenses of larger AO cell, where the
material limit dimension is easily reached without reaching any actual benefit on the
RF power reduction.

The solution proposed in order to increase the interaction length is to reflect the acous-
tic wave in controlled direction inside the “dead zone” where the AO interaction can
take place again. Increasing the interaction length depends on the dimension of the cell
and on the acoustic attenuation. Practically the interaction length has been increased
by a factor of two in order to limit the dimension of the AO cell, but theoretically it
is possible to increase it up to four. The dimension of the cell becomes impractical for
five times or more and the acoustic attenuation dominates the performance especially
in the short wavelength region.

7.2 Dual polarization AOTF prototypes

The increase of the interaction length is obtained by configuring the faces “G” and "H”
parallel to the [110] direction, hence the acoustic wave has an incident angle equal to
0; is reflected along 6, with same acoustic walk-off direction. The AO interaction does
not take place for 6, = 6,, because the phase matching condition is not satisfied.

The reflected acoustic wave propagates along the same direction of 8,, where the phase
matching condition is satisfied, if the phase between the two AO regionis correct then
superimposition effect can applied and the interaction length is twice as large. This
will produce efficient AO interaction with narrow bandwidth and lower RF power for
peak diffraction efficiency. The predicted performance of the device shown in Fig.7.6
is shown in Fig.7.5 with dimension reduced by 50% compared to the cell used in a
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Figure 7.6: Dual polarization AOTF cell, with face C as transducer face, faces A and B input
and output faces, and face G and H are the face reflecting the acoustic wave (left) and acoustic
reflection diagram (right).

conventional AOTF.

In order to increase the number of acoustic columns in the AOTF, a second prototype
was designed and built modifying the previous cell. In this case the faces "G” and "H”
are not parallel to the < 110 > direction, but they are oriented 5,223 from it.
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Figure 7.7: Dual polarization AOTF with angled faces to increase the numbers of acoustic
reflection (right) and diagram of the acoustic reflection (left)

In this case the acoustic wave for the AO interaction and the reflected are spatially
overlapped, but the phase velocity changes due to the different propagation directions
and only the correctacoustic direction satisfy the phase matching condition.

The internal and external separation angles are determined theoretically by dedicated

routine applying the Snell’s law for each polarization and order and resume in Tab.7.1.
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Figure 7.8: Predicted Diffraction Efficiency (D.E.) of the device shown in Fig.7.6 versus
wavelength (left). RF power to achieve Peak Diffraction Efficency (PDE) versus wavelength

(right).

Type Osep A=25pum | A = 4.5 pm
EO | internal | -3.363053° | -3.378121°
EO | external | -7.343862° | -7.397101°
OE | internal | 3.230706° 3.216921°
OE | external | 7.397235° 7.313907°

Table 7.1: Internal and external angle for both AO interaction in the dual polarization AOTF.

The maximum external deviation for the extraordinary polarization is equal to 0.0833°
(~ 5’) and for the ordinary polarization is equal to 0.0532° (~ 3’), and the full sepa-
ration is obtained for 5 mm diameter input at 43.39 mm. The reflected acoustic wave,
marked with crosses in Fig.7.7, is propagating close to the optical axis, hence the acous-
tic velocity is close to its maximum. M, is close to a minimum in combination with

the input direction and the RF frequencyapplied. There is no efficient acousto-optic
interaction in the wavelength range under consideration, therefore no spurious order

are generated at the output.
The Pointing stability is applied to the non-diffracted order in this case and the two
diffracted orders show beam steering, which can be compensated with additional exter-

nal prisms. In the wavelength range under consideration the dispersion of the material
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is relatively low, but it is still noticeable.

7.3 Dual polarization AOTF matching network

The AOTF cell was mounted on the AOTF prototype mount. The matching network
to cover tuning range of interest is shown in Fig.7.9(a) and 7.9(c), and the VSWR of
the device is shown Fig.7.9(b).
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Figure 7.9: RF matching network for the dual polarization AOTF: photograph (a), measured
VSWR (b), RF schematic (c).

The AO devices was matched to have a minimum VSWR at the two RF frequencies,
where the phase matching condition is satisfied for A = 2 ym and A = 3.390 pum, to

coincide with the two available laser line.

7.3.1 Experimental results

The two dual polarization AOTFs described in the previous section have been tested
using the laser line test with a laser source 3390 nm and RIG described in Appendix
G.1. The laser source was rotated by 45° and a polariser used to select the vertical or
horizontal polarization. The diffraction efficiency was measured equal to 20% for an
RF power of 1.2 Watt for both polarization and the passband of the device is shown if
Fig.7.10.

The passband shows a similar behaviour to the resonant AOTF, this is probably due
to the phase difference between the different acoustic columns crossed by the light. In

order to increase the diffraction efficiency, it would be required to have a phase locking
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Figure 7.10: Experimental passband measurement obtained by the laser line test at two dif-
ferent wavelengths (grey line) and envelopes(dark line)

loop in order to control the phase between the different acoustic reflection in addition
to a temperature tuning in order to maintain the device in "phase”. This solution re-
quires a special RF driver, which was out of the scope of the research activity.

Similar results were obtained with the device shown in Fig.7.7 with a diffraction effi-
ciency of 12% at 1 Watt.

The tuning curve was planned to be recorded using the supercontinuum source devel-
oped by NKT inside the MINERVA project, with tuning range up to 5 pum, but due
to testing schedule of other experimentwas not possible the record of the full tuning
curve, therefore only the tuning curve centredin A = 2 pym is shown (Fig.7.11).
Fig.7.11 showsthe centre wavelength for a given frequency is the same for both po-
larizations, confirming the prediction of the mathematical model and design routine
developed, due to the limited resolution of the Optical spectrum analyser it is not

possible to seethe featuresvisible by the laser line test with greater resolution.

7.4 Applications for the dual polarization AOTF

The dual polarization AOTF has been studied for a specificapplication, where a non
coherent source is to be filtered by an AOTF in the infrared region. AOTFs are
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Figure 7.11: Optical spectrum recorded by an OSA from OceanOptics of the +15 and -15t
order of the device in Fig.7.7

normally designed to be optimized to only one polarization, thereforein the case of
non-polarized light, the diffraction efficiency is typically 47 %, and half of the optical
power is not used. In order to use both polarization is possible to define a 8, where the
AO interaction for both polarization takes places for a given wavelength at the same RF
frequency, but in this case the parallel tangent matching condition cannot be applied.
In orderto apply a large aperture AOTF the parallel tangent matching condition can
be applied for both polarization only for a specific angle as shown in Fig.7.2. This
case the efficiency is double and the passband for both orders will be centred to the
same wavelength, but with different polarization, therefore this type of devices could
be used for several application such as remote sensing, polarimetry imaging and optical
spectrum analysers for the IR region.

7.4.1 The optical spectrum analyserin the wavelength range:
2 Um - 4.5 um.

Optical spectrum analysers are conventionally used on several applications where the
spectrograph of a target is relevant. Different suppliers already exist in the market for
example Ocean Optics and Avantes, which produce spectrometer with passive com-
ponents for wavelengths up to 2.5 pm. For a wavelength range above 2.5 um other
solutions are typically applied such as FTIR spectrometer with moving parts inside.
These operate works up to 20 pum and are typicallysupplied by Thorlabs, Bristol Instru-
ment and other suppliers. AO based spectrometer have been reported in the literature
implemented with Quasi-Collinear AOTFs [42], which require diffraction limited light,
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and full-collinear AOTF, also with a narrow field of view, and designed to work up to
3 pm. As an internal project of Gooch&Housego proposed by C. Pannell, where the
author identified the potential for an AO based spectrometers aimed at the segment of
the market shown in Fig.7.12

Figure 7.12: Market segmentation of Optical Spectrum Analyser.

The aim of the solutions developed is to create an OSA which could be benefit from
the dual polarization configuration in the infrared region at a competitive price, but
also with a additional features, which conventional OSA cannot offer. The OSAs cur-
rently on the market use fibre input for the passive components in the system and an
additional port for a free space input in case of FTIR with collimated light with a
maximum diameter of 5 mm. The AO solution could also have both inputs. Different

configurations have been proposed depending on the final customer requirements.

The OSA structure shown in Fig.7.13 have two possible configurations. The first con-
figuration is using a single concave mirror to focus the -1 orderto a IR sensor, and
+15 order exit, hence the spectrum of the source used for the experiment can be moni-
tored in real time because the diffraction efficiency and the spectral component of both
diffracted orderis the same. The second configuration is implemented by introducing
an additional concave mirror and IR sensor, in this case one sensor will record the ver-
tical polarization of the input and the other one will record the horizontal polarization,
the information could be used in polarimetric measurement.

For the case of an imaging application the mirrors and the IR sensors may be sub-
stituted by CCD cameras (single or dual), and additional optics, capable of giving in
addition polarimetric information.

The performance of the system has been theoretically determined using a random
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(right).
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variable source and a tungsten lamp (HEP3965) supplied by Thorlabs. Two different
passbands was considered for the case of a random variable source, to determine the
possibility to record the variation of the spectrum intensity. In the case of a low resolu-
tion AOTF the actual intensity recorded by the sensor is flat as expected and therefore
in specific application a narrow AOTF will be required, eventually in quasi-collinear
configuration.
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Figure 7.15: Simulation results of the signal from the detector versus source, which is
HEP3695 from Thorlabs

The total cost of the additional components to build the first prototype has been es-
timated using off the shelf componentsand shown in Tab.7.2. The total cost of the
components for the solution with single detectoris ~ £ 700, without including the RF
driver and the AOTF and approximately equal to £1000 for the dual sensors solution.
This compares to a selling price of approximately £ 15000 for existing techonlogies.

7.5 Conclusions

The development of a dual polarization AOTF has been reported in this chapter, the
device was developed in order to be used to build an Optical Spectrum Analyser (OSA)
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Part number | Unit Cost | Quantity | Cost
MPD269-M01 £176 1 £176
SM2MP £22 1 £22
KCB2/M £117 1 £117
PDA20H-EC £322 1 £322
LDS1212 £42 1 £42
PDA-C-72 £15 1 £15

Table 7.2: Additional components required to build the first prototype of the OSA.

in the wavelength range between 2.5 pm and 4.5 pm and targeted to sell at less than
£10000. The limitation on the performance of the device is related to the dual polariza-
tion at the parallel tangent matching conditions, which is achieved at §; = 55.574° (6,
= -71.123°). The acoustic walk-off will dictate the size of the deviceleadingto a "dead-
zone” of unused material. A solution has been proposed to overcome this limitation
and reduce the device size by half (and consequently reducing the cost), by reflecting
the acoustic wave in a controlled direction in order to increase the interaction length
and improve the diffraction efficiency versus RF power requirement.

Preliminary results show that the tuning relation for both polarizations, but the effi-
ciency was less than predicted. One reason for that is the phase difference between the
two acoustic “columns”. If the phase is differentthen two columns act as two separate
devices in series reconverting back to the zero order part of the diffracted orders. Ex-
perimentally it was seen that the laser line test shows different peaksaround the centre
frequency similar to a resonant device, confirming the phase issue.

In order to at least double the interaction length a possible solution using a dual trans-
ducer is likely to be a more effective approach, which will allow control of the phase
between the two acoustic columns separately. An experiment with a dual channel
AOTF with two transducers, where one was rematched to have an overlap with the
first transducer, confirming if the phase between the two transducers is zero, then the
diffraction efficiency is increased as expected. In literature a similar device was re-
ported by Voloshinov and Gupta in [43].

Another possibility is to use a solution where the phase matching is achieved for both
polarizations simultaneously, the solution of this interaction is between the two differ-

ent solutions for the parallel tangent matching condition as shown in Fig.(7.2).
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The OSA system was proposed to show how the AOTF might be exploited in different
configurations (Fig.7.13). The device could use a single point detector, and thanks to
the dual polarization AOTF, by removing one of the sensors it is possible to use the
output for a different experimentand to monitor with another sensor the intensity of
the spectral components in real time.

The possibility to build an OSA, which is modular, and with a competitive price com-
pared to the equivalent on the market is of particular interest, for many potential

applications.
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Chapter 8

Effects of the acoustic attenuation in
large aperture AOTF for wavelengths

in the visible

8.1 Introduction

In the previous chapters, It was investigated several AOTFs to cover different wave-
length ranges from UV to Mid-IR up to 10 um. The acoustic attenuation typically
does not affect the performance of devices working with low frequencies, but in some
particular cases such as the device studied in this chapter, the performance are dictated
by the acoustic attenuation.

An efficient birefringent AO interaction is obtained when the phase matching condition

between the acoustic wave and the incoming electromagnetic radiation is satisfied:

ks = K+ Ky (8.1)
where 2i(A) 2704 (2) oy
TN;j TNy T
ki = —, = —, = — 2
1 kd B Ka f (8 )

with V' as the acoustic velocity in the AO material, A as the diffracted wavelength, f
as the RF frequency applied, n; and ny4 are the refractive indexes, where the values is
determined by the AO interaction type [6], as described in the previous chapter. This
is commonly defined as EQ, if the incident polarization is an extraordinary ray and
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the diffracted order consequently is an ordinary ray, vice versa OE identifiesthe AO

interaction from ordinary to extraordinary polarization [44].

An infinite number of possible configurations exists where the phase matching condition
is satisfied, therefore additional constrains are typically introduced depending on the
application [29]. Imaging AOTF exploits the non-collinear interaction satisfying the
parallel tangent matching condition and is characterized by a large acceptance angle,
which is required when non-coherent light is used to illuminate an arbitrary target.
The choice of the AO material depends on the wavelength range specified by the ap-
plication; in the range between 380 nm and 4.5 pm the material of choice is Tellurium
Dioxide (TeO,) due its acoustic-optic properties and its availability in boules of large
dimensions with good optical quality. However this material is characterized by strong
acoustic attenuation which, in the case of large aperture devices, limits the achievable
performance for wavelength below about 600 nm due to the high driven frequency. A
solution conventionally implemented is to calibrate the AOTF response against a white
screen at expenses of the dynamic range of the camera.

This chapter examines an AOTF configured to operate with input vertical polariza-
tion corresponding to an ordinary ray. The 15 order is polarized horizontally as an
extraordinary ray, therefore the refractive index value depends also on 4 and is defined

as:
No (A)Ne(4)

n2(A) sin’ A + NZ(A) cos2by

na(4, 64) = (8.3)

The acousto-opticinteraction takes place known as t[110]-Z[001] plane, and the phase
velocity is given by Eq.3.30, which is reported below:

N
V(0) = VZsin?6, + V2 cos?20, (8.4)

with Vi = 616 m/s and V; = 2104 m/s, and 6, is estimated from the optical axis.
Eq.8.4 is obtained by the eigenvalues of the Christoffel’s equation solution introducing
the elastic stiffness constant of the material in the plane where the AO interaction takes
place, where the acoustic mode is determined by the eigenvectors direction. Therefore
the phase velocity along the main axes is defined as

~__
C
V,= 2 (8.5)
~_ 7
V, = C112— C12 (8.6)
0

where cj; are the elastic stiffness constants of the material, and p is the density (equal

to 5990 Kg/m?®). The acoustic attenuation is not introduced here, because the previous
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Figure 8.1: K-space diagram of the AO interaction OE under the parallel tangent matching
condition. The tangent of the refractive index surfaces is shown as dotted lines. The acoustic
vector (Kg) is shown as fine dotted line.

equations are used to determine the AO interaction configuration.
The parallel tangent matching condition is defined by Eq.4.6 [45] and reported below:

n2
tan 6y = —g tan 6
ng

where ng = ng and n; = n, and the angles are defined from the optical axis (Fig.8.1).
This condition is satisfied when the tangents to the refractive index surfaces of the
diffracted and incident beam are parallel.

Once the incident direction and consequently the diffracted order are defined by Eq.4.6
introducing Eq.8.3, then the acoustic direction is obtained by simple vector calculation
with the help of the K-space diagram. When 6;, 64 and 6, are defined then Eq.8.1 is
solved for the desired wavelength range and the tuning relation, between frequency and
wavelength of the 15t order, is obtained :

\/

f= = N3 + n% + 2NiNg cos Osep (8.7)

where Oy, = 0; — 0y, all angles are all internal.
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8.2 Diffraction Efficiency versus RF power

For a given AO interaction configuration, the diffraction efficiency is predicted by the
RF power applied and estimated by [6]:

\/2
ML
2 T 2aP

222H (8.8)

7 = sin

where P is the RF power applied, H is the height of the acoustic field, L, is the
interaction length, 4 is the wavelength of the first order, and M, is the acousto-optic

figure of Merit
3n3p2
_ NiNgPers

M, = .
== s (8.9

with pers as the effective photoelastic constant, p = 5990 Kg/m?, V as the acoustic
phase velocity defined by Eq.8.4, nj and ny are the refractive index of the 0" and 1%t
orders. The effective photoelastic constant for the slow shear interaction in the t-Z
plane is equal to:

Petr = —p“—;p” sin 0a 0s 4 + Pas cos(th) sin(6) (8.10)

where the photoelastic constant components are equal to p;; = 0.0074, p, = 0.187,
pas = -0.17 for a wavelength of 632.8 nm[46].

In the case of an AOTFs with an aperture of 20.0 mm x 20.0 mm and characterized
by elevated high frequencies towards the shortest wavelength, the effect of the acoustic
attenuation on the diffraction efficiency profile across the active aperture has to be

taken to consideration.

8.3 Theoretical study of diffraction efficiency across the

active aperture

An AOTF with a wavelength range between 450 nm and 900 nm has been considered
to see the effect of the acoustic attenuation on the diffraction efficiency. The RF power
for Peak Diffraction Efficiency (PDE) is estimated by Eq.4.10 proposed again here:

H A2
2L,M,

(8.11)

PDE =
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For H = 20.0 mm, and L, = 8.0 mm, the Pp pg in the wavelength range in considera-

tion is shown in Fig.8.2.
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Figure 8.2: RF power for PDE at three different distance from the transducer.

The acoustic power required to achieve peak diffraction efficiency at 450 nm is approx-
imately triple at the far end of the active aperture compared to the region close to the
transducer. For an RF power of 1.5 Watt at a distance d = 3 mm from the transducer,
the diffraction efficiency estimated by Eq.8.8 is shownin Fig.8.3. The RF power ver-
sus diffraction efficiency does not take in account the acoustic attenuation, which is
introduced by considering the losses inside the material for a given RF frequency and
adding them to the applied RF power.

When the diffraction efficiency is at a minimum in Fig.8.3, the out of band side-lobes
increase. The pass-band of the AOTF has been recorded using a laser line test with a
laser source at A = 473 nm in a region close to the transducer at two RF power levels,

one to achieve peak diffraction efficiency close to the transducer (0.485 W) and one to
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Figure 8.3: Diffraction efficiency versus RF power for A = 473 nm.

achieve peak diffraction efficiency close to the opposite side of the active area (1.5 W)
(Fig.8.4).
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Figure 84: Experimental measurement of the pass-band and side-lobes level recorded at a
position close to the transducer for two RF power levels.

As expected, the level of the out of band side-lobes drastically increase and this could
be a source of errors in spectral response measurements, for example on remote sensing
and spectroscopy analysis, so care must be taken to allow for this effect.

In practice the RF power is usually adjusted to achieve peak diffraction efficiency in the
centre of the active area, then the change of the diffraction efficiency is not so severe
across the aperture but the effects of the acoustic attenuation limits the achievable

performance.
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8.4 AOTF performance in the wavelength range 450

nm< A < 850nm

In order to predict the diffraction efficiency across the active aperture, three regions
have been identified: one close to the transducer area, one in the centre and one close
to the opposite side of the transducer. The RF power has been set to achieve peak
diffraction efficiency in the centre of the three regions. For the AOTF being considered,
which has an active aperture of 20.0 mm, the peak diffraction efficiency was achieved
at three distances: d; = 3.3 mm, d, = 10.0 mm, d3 = 16.6 mm. As predicted the
acoustic attenuation effects are more noticeable for A < 600 nm, therefore the diffraction

efficiency has beenrecorded using a laser source at the shorter wavelength.

8.4.1 Experimental set-up and results

The set-up shown in Fig.8.5 has been used to record the diffraction efficiency across the
aperture of the AOTF, using a laser source at 473 nm. The AOTF was been mounted
on a motorized stage controlled via computer, which allows to scan the active aperture
of the device.

RF power
F Dri
RF Driver Meter &q@q
N3
N &
Laser ov o Optical
AOTF Tord
@ 473 nm il Power meter
: Z /f/
Motor Step
Controller
ft \
’ =
L4
>§ - — .y

(A—

Figure 8.5: Set-up to record the diffraction efficiency across the aperture.

The diffraction efficiency was recorded with an optical power meter placed after an
aperture stop, which blocked the 0'" order. The laser spot diameter was about 1.0
mm, but additional optics have been added to reduce this to a suitable size.

The RF power was set to achieve PDE close to the transducer and the change of
diffraction efficiency acrossthe aperture is shown in Fig.8.6, where a reduction of the

efficiency of the first order to 50% is visible after 15 mm. The inhomogeneityalong
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the Y direction is due to the apodized electrode; the distance, at which the efficiency
is recorded, is in the near field of the acoustic wave.

The mathematical model developed considers the acoustic profile in the far field, there-
fore in order to compare the experimental results with the predicted performance, the
diffraction efficiency has been averaged along the X direction for 2 mm < Y < 18 mm,
showing a good agreement with the experimental results (Fig.8.7). The diffraction
efficiency in Fig.8.7 is normalized and obtained for vertical polarized light, typically
the diffraction efficiency is over 95% for each polarization. The theoretical curve is
obtained from a Matlab routine developed to estimate the diffraction efficiency for a
given wavelength across the aperture.

8.5 Imaging system configuration

In an imaging system, the AOTF is usually placed in front a CCD camera recording
the diffracted order, which is compensated in order to reduce the shift, known as
”scene-shift” in the plane of diffraction. The intensity profile is not constant so a
calibration process is required to take in account the variation of the acoustic intensity
(e.g. recordinga white background while tuning the AOTF) at the expensesof a

[mm)

Figure 8.6: Measurement of the diffraction efficiency across the active aperture of the AOTF
at A = 473 nm.
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Figure 8.7: Normalize diffraction efficiency across the active aperture of the AOTF.

reduced dynamic range of the system. The AOTF enables capture of a data cube of
a sample scanning the RF frequency, where each pixel has the spectral information of

each wavelength. For each wavelength the correct RF power has to be selected in order

E T |
I I
I I
| |
| I(au) il IIIIIIII |I
I = L T 11
1 | (1— 1 1 1 1
| | —(‘F_(l,l)(l,z)
! H THd
I 1H e
I 1| M
I 1H e
| <« T
| < | ||
I I
I I .
Lo s sz o o = I :

o

| i+

Lo
_(_[N,l} (N,N)

Figure 8.8: Reflectivity of the sample for a given wavelength.

to maximize the diffraction efficiency, and achieve the best SNR by the system, but
the acoustic attenuation will limit the performance of the system.

The ideal performance of an imaging system has been simulated using a generic sample
randomly generated by a Matlab routine, where the performance is not affected by the

optical components before and after the AOTF, and by the lens of the camera.
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The generated sample is composed by a random distribution of particles which reflects
an incident light with a Gaussian profile perpendicular to the plane. The position and
the scattered intensity are generated by a random function, and an example is shown

Fig.8.9 for a given wavelength.
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Figure 8.9: Reflectivity of the sample for a given wavelength.

If the peak diffraction efficiency is set to a region close to the transducer area, then
the intensity of the first order is not constant as shown in Fig.8.6. Considering a
wavelength equal to 473 nm, then it is possible to use the diffraction efficiency shown
in Fig.8.6 to estimate the effect of the acoustic attenuation on the system performance.
The intensity recorded by the CCD camera is the radiance of the sample multiplied by
the diffraction efficiency across the aperture, assuming no degradation from the optical
system. Fig.8.9 shows the data recorded of the sample by an ideal CCD matrix. The
variation of the diffraction efficiency across the aperture leads to a reduction of the
dynamic range especially at the far end of the optical aperture, because the luminosity
of the sample subtracted from the information obtained from the CCD camera shows
a discrepancy on the intensity profile, which is highlighted in Fig.8.10.

Part of the information for X > 10 mm is lost, leading to a wrong assessment of the
sample radiance. If the RF poweris set to achieve peak diffraction efficiency at the
centre of the active aperture, then the RF power in the region close to the transducer
is too high, and the diffraction efficiency and passband are both affected.

The diffraction efficiency across an aperture of 20.0 mm has been estimate theoretically
for three different region: one close to the transducer (Fig.8.11(a)), one in the centre of
the active area (Fig.8.11(b)), and one close to the end of the active area (Fig.8.11(c))
by mean of Matlab routine developed by the author. This routine could be used to
estimate the performance of an arbitrary AOTF configuration for any wavelength.
The variation of the diffraction efficiency across the aperture is more severe at short
wavelengths, which is expected due to the high frequencies involved, thus the imaging

system performance is relatively unaffected for wavelength above 700 nm.
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Signal Difference
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Figure 8.10: Difference between the recorded signal by the CCD camera and the radiance from
the simulated sample.

8.5.1 Proposed solution

A technique to increase the signal to noise ratio when the RF power is not optimized
to achieve peak diffraction efficiency is proposed. The CCD matrix is vertically seg-
mented in to an arbitrary number of sub-matrix, then the RF power is set to achieve
peak diffraction efficiency in the centre of each region and only the "optimized” infor-
mation is stored.
A diagram of the configuration proposed is shown in Fig.8.12, where the CCD matrix
is split in to 2 region and the RF power level is set to achieve peak diffraction efficiency
on each section for a given wavelength, this information is obtained from the mathe-
matical simulation and corrected with a calibration procedure, which is stored inside
the controller (e.g. by means of look-ups table). Two set of data are to be recorded for
each wavelength, the first set corresponding to the first section where the RF power is
set to achieve diffraction efficiency at the centre. The other set corresponds to the data
in the second section where the RF power is set to higherlevel in order to compensate
the acoustic attenuation and achieve peak diffraction efficiency in the centre of the
region of interest.

In the post process operations the two data set are merged together, where the area
with non optimal configuration is not stored. The merging operation is obtained using
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Figure 8.11: Diffraction efficiency across the aperture for the wavelength range between 450
nm and 900 nm with RF power optimized in the region close to the transducer (a), in the
centre of the optical aperture (b), and in the opposite region of the transducer (c).

simple data analysis software or python routine, which convert the information from

the CCD camera into matrix form.

8.5.2 Scanning time consideration

The performance improvement is obtained at the expense of the scanning time, which
increases with the number of sections. For this reason segmenting the CCD camera in

more than two sections, will increase drastically the scanning time to record the data
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cube, which is determined by several factors such as: frame rate of the camera and
its data transfer, the time required to merge the two sets of data, RF driver speed on
adjusting the RF power and frequency to correct values, also the switching time dictate
by the AOTF.

The AOTF switching time is determined by the time required by the acoustic wave to
cross the active aperture (20 mm), which for the AOTF being examined is approxi-
mately equal to 29 ps. The total scan time is determined by the number of point in the
wavelength range of interest. The data cube is formed by 200 scans for a wavelength
range between Anin = 450 nm and Aax = 850 nm with a step of 2 nm, thus the total
time to record the full scan is equal to 5.8 ms, which is twice the case of set-up in
Fig.8.12. The maximum frame rate of a conventional CCD camera with 8 mega-pixels
of resolution is 17.1 fps, thus two frame will take 116 ms to be stored, which for 200
scans required will require a total time of approximate 24 s. In conclusion the total
time required to create a data cube 3296 x 2472 x 200 will be approximately equal to

26 s considering the additional delay from the electronic side. The limitation, in this
case, is the camera speed, fast CCD camera are commercially available, with a typical
resolution of 640px < 480px and a frame rates of about 200 fps, reducing the time for
single frame to approximately 5 ms, therefore the total time for complete scan could be
reduced to ~1.2 s,if additional delays are not introduced by the computational process
of merging the two data sets.

0 1, | 2
AOTF &)
| e, |
Trigger
RF Driver -
RF Power
RF frequency Controller

Figure 8.12: Schematic of a confocal system implementing an AOTF as tunable filter element.
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8.6 Conclusion

The performance of an AOTF for imaging application with large aperture (> 15.0mm)
has been examined. The diffraction efficiency across the active aperture is not constant
as predicted from the mathematical model and confirmed by experimental results. This
effect is due to the acoustic attenuation, which depends on the square of the RF signal.
In tellurium dioxide, the wavelength range where this effectsis more visible is between
450 nm and 650 nm, due to high frequency required to satisfy the phase matching
condition.

Reduction of the diffraction efficiency across the aperture affects the performance of
imaging systems especially in confocal systems. In order to obtain a more homogeneous
diffraction efficiency across the aperture, the CCD camera is vertically sectioned and
two data set are recorded with RF power level set to achieve peak diffraction efficiency
at the centre of each section. The two data sets are then merged in to one where only
the correct information is stored. The proposed solution is to increase the signal to
noise ratio but at the expenses of scanning time, which will increase with the number
of section created in the CCD matrix. Experimental results shows that is possible to
optimize the imaging system performance segmenting the CCD into two sections, a
greater number will increase drastically the scanning time without an actual improve
on the system. In the case of smaller aperture (< 10.0mm) the diffraction efficiency
across the aperture does not change significantly, and good practice is to set the RF
power to achieve peak diffraction efficiency in the centre of the active area.

In conclusion, imaging system performance when implementing a large aperture AOTF
in telecentric configuration is limited by the acoustic attenuation, so that the diffraction
efficiency is not constant across the aperture for frequencies above 100MHz. In order
to have a more homogeneous diffraction efficiency across the aperture, it is possible to
vertically segment the CCD camera and store the part of the data with the optimal
diffraction efficiency selecting the correct RF power, which is confirmed by theoretical

model developed to estimate the performance of AOTF in imaging systems.
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Chapter 9

Conclusions

The study of high efficiency AOTF was the topic of this dissertation, where different
aspects were investigated. The wavelength range from the UV up to MIR has been
explored and AOTFs based on different crystals were designed. The use of resonant
acoustic cavities was introduced when the RF power to achieve peak diffraction effi-
ciency was exceeding 5 W. This arbitrary limits was introduced to reduce detrimental
thermal effects affecting the performances of AOTFs, because all crystal properties are
temperature dependent and of difficult prediction, especiallyin the case of inhomoge-
neous temperature rises, the resultis a device having poor performance.

Tellurium dioxide was firstly studied because it is most common material used in AOTF
in the wavelength range between 380 nm and 4.5 pm. The industrial processes of polish-
ing and bonding is well established in Gooch & Housego Ltd. (UK), allowing to obtain
high accuracy on each step. One of the limitation encountered in TeO, is the RF power
to achieve peak diffraction efficiency in case of non-collinear AOTF in parallel tangent
matching condition which is above 5 W for A > 2 pm. The use of acoustic resonant
cavities in AOTFs allow to reduce the RF power required to achieve peak diffraction
efficiency and it has been demonstrated that the advantage factor achieved in TeO,
is about 5 times. The presence of travelling in both direction has two effects on the
devices performance: first is the non-continuity of the tuning range because the device
is in resonance only for specific frequency, second is the requirement of specialised RF
driver to track the resonantfrequencies.

The concept of acoustic resonant device are reported briefly in literature by Chang,
the solution proposed to lock te device was to reduce the temperature down in order to
stabilize the device. An opposite solution was proposed in this thesis, where the device
is heat up in order to achieve thermal stabilization, experimentally this approach show
the possibility to actively lock the device. The advantage factors achieved in TeO, was
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about 5. Two prototypes were built in order to verify the accuracy of the mathematical
model developed, the first prototype operating in the wavelength range between 1 pm
and 2 pum, and the second prototype instead was designed to work between 2.5 pm and
4.5um. Both prototypes demonstrated the accuracy of the mathematical model was
below 0.5 %.

The investigation for AOTF in the wavelength between 4.5um and 10 pm was car-
ried over thank to MINERVA Project (FP-7) using calomel single crystal. Several
challenges were faced in the design and production process, mainly due to the limited
acousto-optic figure of merit and to the physical properties, which are not suitable for
conventional manufacturing processes. A technique was proposed to use a buffer ma-
terial, where conventional bonding process could be used, and to bond with glue to the
AO cell. The identification of the buffer material and the proper glue to be used in the
bonding technique allowed to excite slow shear waves inside the AO cell. The buffer
material identified was TeO, and the glue was araldite 2020. A non collinear AOTF
made of Calomel single crystal showed the possibility to build a functional device with
low efficiency due to the bonding process which was on a preliminary stage. It has to
be pointed out that even improving the bonding process it is not possible to optimize
a design because the limited M, will lead to high RF power for wavelength above 4
Mm and the use of resonant cavities is not a feasible solution since no feedback signal
is obtained at transducer level. Another limiting factors is the modest birefringence
leading to RF frequency too low to use a conventional ultrasonic transducer made of
LiNbOs.

Other crystals can be used to build AOTF in the wavelength range between 4.5 pm
and 10 pm, single crystal tellurium shows interesting performance thanks to elevated
M, and large birefringence [47]. Some technical challenges has to be solved such as the
bonding technique and the large optical activity of the crystal. Another issue is the
crystal supplier, which are the moment are mainly university driven and with small
quantity. The technology to grow single crystal tellurium is not too different from
growing TeO, , and the production of single crystal tellurium can start in a year ac-
cording the Gooch and Housego’s crystal grower.

The UV range below 450 nm was investigated in order to realize an AOTF, to possible
candidate were considered KDP and Crystal Quartz. The former showed promising
performance in resonant configuration due to the low acoustic attenuation leading to
a high advantage factor. Due to the low crystal symmetry, one of the problem encoun-
tered was the correct orientation of crystal quartz, a technique was devised using a
specific piezoelectric plane (AT plane) to identify the correct quadrant inside crystal
quartz when using slow shear acoustic waves. Acoustic experiments demonstrated the

correctness of this technique. Two different prototypes of non-collinear AOTF were
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designed and build one conventional, and one resonant in order to compare the per-
formances and the measure the advantage factors experimentally. Theoretically the
advantage factors was expected to be about 11, but the acoustic divergence and opti-
cal activity of the crystal, which are not considered in the design routing developed in
Matlab by the author, affected the accuracy of the prediction leading to an advantage
factor of about 6-7. Crystal quartz has very good thermal properties therefore the
lock-in process did not require any active components, and only a software controlling
the driver can be used to drive this device.

The dual polarization interaction under the parallel tangent matching condition has
been investigated to develop an AOTF to be used in an optical spectrum analyser
based on acousto-optic technology. The aim of the study was to develop an OSA in the
wavelength range between 2.5 pm and 4.5 pm with a price below £ 5000. The config-
uration requires a low 6; leading to a large angle of the acoustic walk-off, consequently
the crystal dimension is large and most of the materials is to used for the AO interac-
tion. A solution to reduce the dimension of the crystal was proposed where acoustic
waves are reflected in order to increase the interaction length and reduce the crystal
dimension, leading to a more efficient use of the crystal volume. The prototype showed
good agreement in the tuning range, but the performance were below the prediction,
the issue was the phase relation between the different acoustic columns. A solution to
optimize this device is to have a phase control feedback system allowingto control the
phase of the different acoustic reflections. The last chapter was dedicated to the effects
of the acoustic attenuation on larger aperture imaging AOTF, the experimental results
show good agreement with the model developed. The results obtained show that par-
ticular attention has to be paid when using AOTF with optical aperture larger than
10 mm along the acoustic direction. The effect of the acoustic attenuation affects the
performance of the system especially on the pass band which changes with position, in
order to correct the error introduced a solution is proposed at the end of the chapter.
In conclusion the AOTF performance were improved by different techniques: resonant
cavities, and acoustic reflections. The most effective enhancement was achieved by
means of acoustic resonant cavities, but this solution can be applied on both type of
AOTF: quasi-collinear and non-collinear configuration. A special case where acoustic
resonant cavities cannot be applied is the dual polarization AOTF due to the AO cell
configuration. In theses years of research activity on AOTF only some the possible AO
materials were explored mainly due to their availability, additional research activities
can be carried over to increase the understanding of well-known AO material such as
single crystal Tellurium. Another research path is development of "smart” driver to
optimize the control of the resonant AOTFs, and some example have been reported in

the thesis. The research activities of AOTF is far to be exhausted and new efforts to



142

develop new devices for spectral imaging system and other applications where a fast
random access wavelength filter is the best choice.
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Appendix A

Sellmeier constant values for AO

material
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In this section are reported the values used Sellmeier equation constant used on the

AO material in exam in Sec.2.4-2.6.

Ordinary Extraordinary
A | 1.28604141 1.28851804
B 1.07044083 1.09509924

C | 1.00585997E-2

1.02101864E-2

D 1.10202242

1.15662475

E 100

100

Table A.1: Constant values used in the Sellmeier’s equation for crystal quartz.



A | 447442 47163  4.7363 | 4.7762 | 3.71789 2.5848
B | 0.1234 | 0.1350 | 0.1257 | 0.1130 | 0.19619 0.1342
C | 0.05814| 0.04839| 0.05653  0.06482  0.07544 1.1568
D 0 0 0 | 0.01692| 4.61169 0.2638
REF | [REF1] | [REF2] | [REF3] | [REF4] | [REF5] | [REF6]
REF | [14] [48] [15] [15] [16] [16]
Eq. | (2.16) | (2.16) | (2.16) | (2.16) | (2.17) @ (2.17)

Table A.2: Oscillator values for the ordinary refractive index in TeO;

A | 53678 | 5331 53580 54013 | 4.33449| 2.82338
B | 0.1358 | 0.1683 | 0.1567 0.1430 | 0.02424 0.1342
C | 0.05938| 0.04952 0.05774 0.06484  0.14739 1.5402
D 0 0 0 | 0.02035 4.93667 0.2638
REF | [REF1] | [REF2]  [REF3] [REF4] | [REF5]  [REF6]
REF | [14] [48] [15] [15] [16] [16]

Eq.  (216) (2.16) | (2.16) @ (2.16) | (217) | (2.17)

Table A.3: Oscillator values for the extraordinary refractive index in TeO;

A.1 Coordinates transformation
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The coordinate transformation is obtained by My ,. In this case only two transfor-

mations are required: the rotation about the Y and Z axis. The rotation about X is
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obtained by:

J U
1 0 0 0 0 0

(] , ) ) U

= 0 cos(y)” sin(y) sin(2y) 0 0 H
0 sin(y)? cos(y)?> —sin(2y) 0 0

My = sin(2y) H (A1)

0 — S'”(ZL“’) 5 cos(2y) 0 0
0 0 0 0 cos(y) —sin(y)
0 0 0 0 sin(y) cos(y)

where y is the rotation angle with the X axis as a pivot.

The rotation about Y is obtained by:

(] t
. cos(4)?2 0 sin(4)? 0 —sin29) 0
H 0 1 0 0 0 0
M, = u sin(¢)> 0 cos(4)? 0 sin(24) | 0 1 (A2)
H 0 0 0 cos(¢) 0 sin(¢)
H Sz g —sind) 0 cos(24) 0 DH
0 0 — sin(¢) 0 cos(¢)
where ¢ is the rotation angle with the Y axis as a pivot.
The Rotation about Z[001] is obtained by
J ) ) J
cos(f)” sin(6)" O 0 0 sin(26) .
sin(6) cos(6)> 0 0 0o - 51n(29)
0 0 1 0 0
M, = . (A.3)
0 0 0 cos(fd) —sin(H)
0 0 0 sin(#) cos(6)
e L < 0 cos(Z 1)

where 6 is the rotation angle with the Z axis as a pivot.
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Appendix B

Solving the Christoffel’s equation with

Matlab and Python

The solution of the Christoffel’s equation is cumbersome especially when the analytical
solution applied to a general direction in the plane of the acousto-optic interaction.
Hence the eigenvalues and correspondent eigenvectors of Eq.3.1 are obtained with the
help of computer routines developed in Matlab and Python, which solve the system
for any acoustic direction. Each acoustic mode is identified by a specific eigenvectors,
therefore each solution should track the correct acoustic mode, therefore particular
attention has to be paid when using mathematical solverto solve Eq.3.1.

This problem has been partially solved sorting the eigenvector by magnitude and adding
an degeneracy detector, which swap the eigenvalues when they cross. A more elegant
solution developed to study the acoustic waves in anisotropic materials is to calculate
with the help of a symbolic calculus software the expression of [I'j; — széij] of Eq.3.1
and expressed as

00 O
A —pV? 01 o3 Vi
0
o o1 B —pV? o O0OviO=0 (B.1)
03 (op)} C —pV2 Vi

where 01, 05, 03, A, B, C are material and orientation dependent, and v; j is relative
to the reference axes system.

Particular attention has to be paid in case of degeneracy of the phase velocity, which is
typically present in many-fold symmetric crystals, because the eigenvalues are sorted by
magnitude, thus the acoustic mode is not correctly tracked by the solver. For example
in trigonal system two of the acoustic modes are degenerateand crosses each other,
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Figure B.1: Slowness curve of the three acoustic wave mode in TeO in [100]-[010] plane.

thus the first eigenvalue does not correspond to the slow shear mode in any direction,
this could lead to gross error during the design process. The same problem occurs in
case of tetragonal system, but in this case the degeneracy in the typical plane of the
AO interaction occurs along the optical axis, where the two shear modes cross in the
same point, but in the XY plane the crossing point occursin different position.
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Appendix C

Slow Shear Transducer

Historically piezoelectric transducer were realized using crystal Quartz, but now the
common material of choice for AO application is Lithium Niobate (LiNbO3) due its
properties. In order to excite a pure acoustic mode particular cut of the crystal are
used: for longitudinal wave is used 36° Y-cut, and for shear modes two possible cut
could be used one is 163° Y-cut and oneis 41° X cut.[6]

The two slow shear cut are characterized by similar properties from the point of view
of the piezoelectric effects. In case of the Y-cut the rotation selected is 163°-Y because
the polarization direction of the acoustic wave is close to one of the main axis and no
longitudinal is excited inside the crystal. The electro-mechanical coupling is equal to
0.61 and a longitudinal component equal to 0.0015, the velocity of the acoustic wave
inside the transducer is equal to 4528 m/s. In case of the 41X-cut the electromechanical
coupling of the mode is equal to 0.6837 and 0.0984 for the shear and longitudinal mode
respectively, where the acoustic velocity is equal to 4079 m/s for the shear mode.

The direction of the polarization of the slow shear acoustic wave is perpendicular to
the plane in case of the tZ plane in TeO, !, therefore the slow shear wave is excited
efficiently inside the AO crystal when the eigenvector of the shear mode inside the
transducer matches the eigenvector of the slow shearinside the AO crystal. In Fig.C.1
the dotted arrows show the direction of the eigenvectors inside the AO crystal, and the
solid lines is the polarization of the shear wave inside the ultrasonic transducer. If the
eigenvectors direction is not matched then the acoustic mode is not excited efficiently
and spurious acoustic mode could be generated inside the AO crystal. The presence
of spurious acoustic wave generates unwanted effects which affects the signal to noise
ratio. A more detailed analysis is reported in the appendix. The ultrasonic transducer
is bonded to the AO crystal by means of standard bonding technique with interlayer

LRefer to the previous section
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Figure C.1: Diagram of the a shear transducer bonded to an AO crystal, with perfect matching
of the acoustic mode (A), when the eigenvectors not match (B)

of indium-gold and high pressure. The thickness of the bond layer is important when
designed AOTF, the thickness depends on the centre RF frequency of the device and
it is of major importance during the electrical matching process, which is explained in
details in the following chapter.
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Appendix D

Industrial and design procedure

AOTFs described in this thesis are designed using routine developed by the author
using Matlab and Python. Once the AO material has beenidentified then the routines
to study the acoustic property of the material are used in order to determine the plane
where the AO interaction takes place, verifying the polarization direction of the acous-
tic waves taking in account the symmetry of the material. Once the AO interaction
plane is identified, another routine is used to determine the geometry of the AO interac-
tion defining the wavelength range, the acoustic direction or the electromagnetic wave
propagation of the input and introducing constrain to the AO interaction like parallel
tangent matching condition or quasi-collinear interaction. In general the RF power
versus diffraction efficiency and the RF frequency range are the properties, which need
to considered carefully, in case of broad band matching the frequency range is deter-
mine by the centre frequency of the ultrasonic transducer. In general the transducer
cannot matched over an octave without practical complication and the matching is less
critical for low frequency (< 80MH z).

Once the optimised AO interaction has been identified the cell dimension is minimised
using a CAD software (such as DrafSight or AutoCAD). From the optimized cell design
three different drawings are produced identified by internal codes: the polishing draw-
ing (GH15), the bonding drawing (GH16) and final cell(GH19). The GH19 drawing
is then introduced inside 3D model software (e.g. SolidWorks) to generate the three
dimensional model used to design the housing and additional metalworks to mount the
device, and also in some case the PCB for the matching networks.

Once all the required drawing are generated, a BOM structure is created where the
components and industrial process are introduced and all the additional information
required are inserted in order to produce a job card, which is required in the production

site to create the device. Before the job card could be raised,it is required to obtain
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Feasibility Study

AQ plane identification AO geometry Feasibility study

Polishing Drawing
GH15

Definition of the Orientation of the

AQD cell di i Orientati
Celi dimension rientation input/output face transducer face

Bonding Drawing
GH16

Bonding thickness

Transducer position Transducer dimension definition

Final AQ cell drawing
GH19

Final transducer thickness Acoustic wedge

Figure D.1: FLowchart of the industrial and design procedure.
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the approval from the different supervisor of each area where the device is worked in
order to receive the feedback on the process described on the job cards.This procedure
is applied to any devices built in the factory from the prototypes to the commercial
devices.

Once the AO cell of the prototypesis completed, then the device is RF matched and
tested inside the R&D laboratory, using the laser line test and white light test, and an
automatic is generated by the control software.
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Appendix E

Derivation of the acoustic attenuation

in anisotropic material

The acoustic attenuation depends on the direction of propagation, an expression has
been determined for tetragonal and trigonal crystal class. If the acoustic attenuation

is defined as: ) ~

% P Tij
o= E.1
247 2 Cij Cij ( )

where w = 2xf, p is the density of material, ¢;; is the elastic stiffness constant of the
material, and #;; is the viscosity of the material.
The acoustic velocity Vij = p/cij then it is possible to write the expressionof the

acoustic velocity in TeO, in the t-Z plane:

> 2 7 . D
Cj4 COS? 0, + Cgg SIN“ 0,

V(6. = (E.2)
| p
the viscosity of the material similarly could be expressed as:
N
n(0a) = 13, cos20, + ngg sin? b, (E.3)
The acoustic attenuation can be written as:
w? p? l ,
a(0y) = AE N34 COS Oy + gg SIN® O, (E.4)
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The acoustic attenuation is known for specific direction therefore it is useful to define
0(6y) ford, =0

2 2
w .
of110] = lel)gl,of?ee (E.5)
and for 8, = n/2
2 2
w
Ofoo1] = ZT/Z?’M”M (E.6)

Introducing in Eq.E.4 the expression of Eq.E.5 - Eq.E.6 it is obtained
N

a(0s) = a3y, c0s20, + 0y, sin’ 6, (E.7)

for a tetragonal crystal. In case of crystal quartz a similar expression can be obtained
by introducing the correct viscosity components and velocity expression.
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Appendix F

Phase velocity measurement by means

of Pulse Echo RIG

The phase velocity in anisotropic material can be measured by different means, one of
the most efficientin sample where a bonded ultrasonic transducer is used to generate
elastic waves, is the pulse-echo measurement. The set-up is shownin Fig.F.1, where
the ultrasonic transducer is used as source and receiver. In this experiment is only
possible to detect the acoustic mode where the piezoelectric effect is maximize, which
correspond to the acoustic mode excited by the ultrasonic transducer when used as a
generator.

It is possible to measure the time of flight of different acoustic mode if transducer with
different orientation are used as source/receiver.

The pulse-echois realised using an RF signal generator, which is gated by a switch
controlled by a pulse generator. After a 20 dB coupler had been added, to measure
the reference peak and the RF power used, a second 10 dB coupler is used to collect
the feedback signal coming from the device under test, which is connected by a low
loss delay line cable long 10 m. The signal obtained by the echo, is coupled in second
directional coupler, which is connected to an RF amplifier and a power detector, ulti-
mately connected to a scope.

The RF power detector show a negative peak which is proportional to the RF power
measured F.1, no temperature control has been added because it is not the amplitude
of the negative peaks but the distance between them, which is relevant in the measure-
ment of the acoustic phase velocity.

The echo is only measured if the active area of the transducer defined by the elec-

trode, therefore the parallelism between opposite faces is of particular importance.
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Figure F.1: Schematic of Pulse-Echoes RIG to measure echoes of a resonant cavity.
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Figure F.2: Signal obtained by the RF power detector testing the quartz resonant AOTF.
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The theoretical phase velocity of the slow shear wave in the TZ plane shows a discrep-
ancy between the values obtained by solving Eq.3.1 introducing the elastic stiffness
constant reported by Xu and Stroud in [6] and experimental results. Therefore the
acoustic velocities of the slow shear mode in TeO, was measured by means of the pulse
echo Rig using two samples with different orientation and same thickness were, one
with the acoustic propagation along the 110 direction and one along the 001 direction.
The experimental results shown a good agreement with the acoustic velocity along the
< 001 > direction, which is equal to 2104.0 = 0.5 [m/s]. The slow shear velocity is
instead equal to 616 *= 1 [m/s], which close to the value conventionally used in Eq.3.30
which is 616 [m/s].
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Appendix G

AOTF Testing RIG

G.1 Laser line test
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The diffraction efficiency versus RF power for a given wavelength is measured by means

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

meter, and lock-in amplifier. The AOTF is aligned in order to achieve peak diffraction

efficiency for both wavelength using the lock-in amplifier with a sensor mounted on an

integrating sphere (Fig.G.1).

HR @632.8 nm

®

Laser
@2000nm

IR~ AOTF

1t

NN

RF power
meter

® Vertical polarized

i

Laser
@632.8nm

I Horizontal polarized

RF synthesizer

I 1st

Integrating
sphere +
Sensor

Lock-in amplifier

Figure G.1: Laser line test setup to measure diffraction efficiency versus RF power.

The two lasers used are an HeNe at 632.8 nm and diode laser fibre coupled at 2000
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nm, both vertically polarized corresponding to ordinary ray for AOTF cells. A dichroic
mirror is used to superimpose both lasers onto the same path,so they enter the crystal
at the same point and at the same ;. Other laser are used in place of the 2000 nm
source depending on the wavelength determined by the frequency range of the AOTF,
other sources are He-Ne at 3390 nm and the 1550 nm.

A Labview interface used to control and collect data from the Lock-in amplifier, from

the RF power meter, and RF synthesizer.

G.2 White Light test

The tuning relation is measure by means of optical spectrum analysers (OSAs) and a
supercontinuum source from Fianium, with a spectrum from 400 nm up to 2000 nm.

The system is showin Fig.G.2.

RF Driver > Amplifier RF Power
meter
v
Optical
SC source
400nm — 2000nm AOTF | Spectrum
A AL {\} analyser

Figure G.2: Laser line test setup to measure diffraction efficiency versus RF power.

A Labview interface to run automatic tests was developed in G&H previously and the
author optimized the performance in orderto increase its robustness and speedup to
80%.
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Appendix H

List of pubblication

Conference pubblication

1. S. Valle, J. Ward, C. Pannell, N. Johnson, Imaging AOTFs with low RF power
in deep-UV and Mid-IR, inPhysics Procedia 70 @ May 2015, Conference: 2015
International Congress on Ultrasonic, At Metz, France.

DOI: 10.1016/j.phpro.2015.08.096

2. S. Valle, J. Ward, C. Pannell, N. Johnson, Acousto-optic tunable filter for imag-
ing application with high performance in the IR regioninProceedings of SPIE -
The International Society for Optical Engineering 9359 U February 2015
DOI: 10.1117/12.2077610 Conference: SPIE 2015 - Optical Components and Ma-
terials XII

3. S. Valle, J. Ward, C. Pannell, N. Johnson, Acousto-Optic Tunable Filters (AOTFs)
Optimised for Operation in the 2-4mregion inJournal of Physics Conference Se-
ries 619(1) U July 2014, Conference: ICOOPMA 2014, At Leeds, Volume: 61
DOI: 10.1088/1742-6596/619/1/012054

4. S. Valle, J. Ward, C. Pannell, N. Johnson, Mid infra-red hyper-spectral imaging
with bright super continuum source and fast acousto-optic tuneable filter for
cytological applications inJournal of Physics Conference Series 619(1) Conference:
ICOOPMA 2014, At Leeds, Volume: 619 July 2014
DOI: 10.1088/1742-6596/619/1/012032

5. M. Farries, J. Ward, J. Ward, et al. , Acousto-Optic Tunable Filters for Imaging
Applications in the 2-4 m with Low RF Drive PowerinActa Physica Polonica
Seriesa 127(1) U June 2014with23 Reads
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DOIL: 10.12693/APhysPolA.127.58 Conference: 12th School on Acousto-Optics
and Application

6. P. Shardlow, J. Ward, C. Pannell, S. Valle, W. A. Clarkson. Null-frequency-shift
acousto-optic tunable filter for wavelength tuning of a Tm fibre laser. U June
2015 Conference: CLEO/Europe-EQEC 2015

Patent

1. S. Valle, J. Ward, C. Pannell, Acoustic Absorber having a Roughened Surface for
AO Devices Patent U April 2016 Patent: US9310631B1
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