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ABSTRACT

We have developed a new Acousto-Optic Tunable Filter (AOTF) for
implementation as a spectrally selective element for hyperspectral
imaging applications in the NIR (.8 - 1.7 micron) and MWIR (2.5 - 4.5
micron) ranges of the optical spectrum. The new AOTF has high spectral
resolution (about 3 cm ) and requires relatively low RF drive power.
It has a broad acceptance angle and increased diffraction efficiency
for enhanced optical throughput. In combination with a 2-D IR focal
plane array the new AOTF allows for real time hyperspectral imaging of
both self-emitting sources, such as astronomical objects or rocket
exhaust plumes, and externally illuminated absorbing/reflecting
specimens.

1.0 INTRODUCTION

Applications of the Acousto-Optic Tunable Filter (AOTF) for
spectral imaging almost immediately followed the introduction of the
AOTF itself [1-5] into the arsenal of spectrally selective devices,
which greatly complemented the pre-existing prism, grating,
interference filter, and etalon based spectroscopic instruments of the
past. Such remarkable advantages of the AOTF as its robustness,
absence of moving parts or components, high throughput and resolution
as well as extremely fast spectral scanning capability have won for it
numerous applications 1in spectroscopic measurements and spectral
imaging [6-11].
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For spectral imaging applications the AOTF is inserted in place
of a fixed bandpass filter between the targeted object and the focal
plane array as i1llustrated in Figure 1 [7-8]. An AOTF can be placed at
the point in the optical path where the optical lens system forms an
intermediate image of the target object (as shown in Figure 1la). In
this case the filtering of the image itself will be performed
directly. In an alternative implementation the AOTF can be placed
where the optical system forms the spatial Fourier spectrum of the
image, so its Fourier spectrum will be filtered instead, as shown in
Figure 1b. In both cases the total number of resclvable fringes, N, is

determined by the angular aperture of the AOTF, A®, itg linear
aperture, a, and the optical wavelength, A [7]:

N =AO® a / A (1)

Obviously, either the image of the object or its Fourier spectrum
(depending upon which of them i1s being filtered in the corresponding
implementation of Figure la or Figure 1b) should fit within the linear
aperture of the AOTF. Similarly all the 1light rays, which form the
image or i1ts Fourier spectrum, should be confined within the angular
aperture of the same AOTF.

Acousto-Optic Tunable Filter

The performance of the AOTF i1s based on the anisotropic
diffraction of 1light in a Dbirefringent medium. It consists of a
birefringent crystalline acousto-optic interaction medium with a
plezoelectric transducer bonded to it. When the transducer is excited
by an applied RF signal, an acoustic wave 1g launched into the
acousto-optic crystal. The propagating acoustic wave produces a
periodic modulation of the refractive index. This provides a moving
phase grating which, under proper phase matching conditions, will
diffract a portion of the incident light beam. Anisotropic acousto-
optic diffraction couples the incident linearly polarized light wave,
for example the ordinary wave, with the orthogonally polarized
extraordinary diffracted optical wave. The Dbulk phase grating
generated in the acousto-optic crystal by the acoustic wave provides
both of the non-diagonal permittivity tensor elements required to
couple the waves with the orthogonal polarization. The acoustic wave
also provides the phase-matching between the two waves which sense
different -- the ordinary n, and extraordinary n_-- refractive indices
and, hence, propagate with different phase velocities. For a fixed
acoustic frequency, only a certain narrow band around the central
wavelength, which satisfies the phase-matching condition, will be
cumulatively diffracted.

As the RF frequency i1s changed, the central wavelength of
the optical passband i1s changed accordingly, so that the phase-
matching condition is satisfied for a different wavelength. Because an
AOTF rotates the polarization of the diffracted wave 90° with respect
to the polarization of the incident wave, it can be sandwiched between
the pair of crossed polarizers to separate the filtered out light from
the incident one, as it ig depicted in Figures la and 1b.
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Figure 1. Optical arrangement for spectral image filtering:
a - filtering of the image directly; b - filtering of its Fourier
spectrum.

1 - light source; 2 - condenser lens; 3 - transparency; 4 - polarizer;
5 - telescopic system; 6 - AOTF; 7 - crossed polarizer; 8 - objective
lens;

9 - screen or 2-D sensor.

AOTFs generally fall into two categories depending upon the
configuration of the acousto-optic interaction: non-collinear [4,5] or
collinear [1-3] types.

Figure 2 illustrates the non-collinear AOTF which i1is most
commonly made of tellurium dioxide (TeO,), the preferred acousto-
optic material in the visible and IR regions. Figure 2a shows the wave
vector diagram for the phase-matching condition superimposed on the
indicatrices of the ordinary and extraordinary refractive indices.
Figure 2b shows a schematic realization of the non-collinear AOTF. The
distinctive feature of the non-collinear AOTF is that the wave vectors
of the ordinary and extraordinary optical waves form a triangle
together with the wave vector of the phase-matching acoustic wave.
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Figure 2. Non-collinear AOTF using tellurium dioxide crystal.
a - Wave vector diagram; b - Example of non-collinear AOTF [4].

1 - pilezocelectric transducer; 2 - sound absorber; 3 - tellurium
dioxide crystal;
4 - polarizer; 5 - analyzer.

This accounts for the different angular directions of incident
and diffracted waves and in their spatial separation. The separation
angle 1is typically a few degrees and, to the advantage of the non-
collinear configuration, permits the operation of a non-collinear AOTF
without the use of polarizers.

From the phase-matching triangle it is possible to obtain a
tuning relation between the center frequency of the acoustic wave, £,
and the optical passband center wavelength [4]:

f = V An ( sin'® + sin’20 )"/A (2)

where @ ig the polar angle of the light propagation, V is the acoustic

velocity, and An = n, — n, 1is the optical birefringence. As follows
from the above equation, the wavelength of the light that is selected
by acousto-optic diffraction can therefore be wvaried simply by
changing the applied RF frequency.



An important parameter of an AOTF i1s the required drive power.
The peak transmission of an AOTF is given by [15]

T = gin’(’ M, P L' /2 A')"° (3)

where P 1s the acoustic power density, M, 1s the acousto-optic figure
of merit, and L 1s the length of acousto-optic interaction. The peak

transmission versus the RF drive power reaches 100% when P = P =X

100%

/2 M, L'. To achieve 50% transmission, it takes only a quarter of P, ..
Another important parameter of an AOTF i1s its spectral
resolution. It is egpecially essential for spectral imaging
applications, because, as 1t was shown in [10], the non-monochromatic
output of the AOTF is Dbeing dispersed by the acousto-optic phase
grating, which causes the spectral blurring of the filtered image in
the direction of the acousto-optic deflection, while the image in the
direction perpendicular to the plane of deflection is undistorted.

The wavelength resolution of an AOTF can be calculated by the
formula [15]

AL = 0.9 X /L An gin’©® (4)

A disadvantage of the non-collinear AOTF is that optical beam,
as shown in Figure 2b, intersects the acoustic column at relatively
steep angle, which results in the interaction length L being equal to
only about half of the length of the transducer and, hence, can not
take advantage of the full length of the crystal. This means that the
spectral resolution i1s less than might be realized 1f the entire
length of the crystal could be utilized. In addition, if the spectral
response peak of the non-collinear AOTF i1s too broad it will further
diminish the spatial resolution of the non-collinear AOTF through the
aforementioned spectral blurring.

A collinear AOTF, which is shown in Figure 3, does not have thisg
drawback, because the optical and acoustic beams are co-propagating
along the same direction, usually perpendicular or close to
perpendicular to the optical axis. In this case the length of the
acousto-optic interaction does not depend on the sgize of the
transducer and 1s as long as the physical length of the available
crystal. TUnfortunately, the collinear regime 1s unrealizable in
tellurium dioxide because its acousto-optic figure of merit M, is equal
to zero for the optical propagation direction perpendicular to the
optical axis, as it is shown in Figure 4.
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Figure 4. Acousto-optic figure of merit for non-collinear AOTF in
tellurium dioxide

Lithium niobate is another high quality optical crystal [12],
which permits the operation of the collinear type of acousto-optic
diffraction [1,2]. Even 1f its acousto-optic figure of merit, shown in
Figure 5 as a function of the polar angle of the optical propagation
direction, is much lower than that of tellurium dioxide, the effect of
the longer collinear acousto-optic interaction region will compensate
for it and provide significant diffraction efficiency at a moderate RF
drive power.
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Figure 5. Acousto-optic figure of merit for AOTF in lithium niobate
New collinear lithium niobate AOTF

The sketch of the newly designed AOTF is shown in Figure 6. The
acoustic wave is launched into the crystal by the piezoelectric
transducer bonded to the left slope of the V-shaped cut-out in the
lithium niobate crystal [14]. The launched shear acoustic wave hits the
optical window and getg reflected from the free crystal-air interface.
The reflected acoustic wave co-propagates with the light wave along the
length of the device at an angle @ = 86° with respect to the optical
axis [13] and gets reflected again at the output optical window onto the
acoustic absorber. Both input and output optical windows are
brewsterized to insure zero Fresnel reflections for both incident and

filtered out optical beams.

Figure 6. Sketch of the newly designed lithium niobate AOQOTF.



Based on expression (2) with @ = 86°, the tuning relation between
the frequency of the acoustic wave and the center wavelength of the
filtered light in NIR was calculated. The resulting tuning curve 1is
plotted in Figure 7. It shows that to cover the range of sensitivity of
an InGaAs photodetector 0.8 - 1.7 micron, the frequency of the acoustic
wave should vary between 170 MHz and 390 MH=z.
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Figure 7. Tuning characteristics of the newly designed lithium niobate
AOTF.

The interaction length of this AOTF is equal to 75 mm, which is
almost the whole physical length of the 80 mm long boule. This value is
an order of magnitude higher than the interaction length in the
conventional non-collinear AOTF. As follows from equation (4) for the
resolution of the AOTF with © = 86° and L = 75 mm, the expected
resolution of the new collinear AOTF should be an order of magnitude
higher than that of the conventional non-collinear one. The calculated
resolution of the new designed AOTF with a 75 mm long interaction length
is plotted in Figure 8 versus wavelength for the same NIR range. It
varies between 1.2 A for 0.8 micron and 5.7 A for 1.7 micron. The
extremely high spectral resoclution of the new AOTF eliminates the
influence of the spectral blurring of the filtered image [10]. Another
benefit of the extremely high resolution of the new AOTF is in the
potential applicability of it for the detection of fine spectral
structures unresolvable for the conventional non-collinear AOTF.
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long interaction.

These design parameters,
affect another important characteristic of the AOTF,
(in the air ) acceptance angle, which can be calculated as
2n A®@ =2n (A /An L )7~

(5),
increase of the

As follows from expression
decreases with the
square root of it.
acceptance angle of the new AOTF on the filtered wavelength
in Figure 9. It varies between 3.1° and 4.6° throughout the

interaction length,

range. This would allow the new AOTF to provide both high
and, according to expression (1), a large number of
fringesg, 1. e., high spectral resolution.

such as the interaction length L

Calculated resolution of the newly designed AOTF with 3”

75 mm,

its full external

(5)

the acceptance angle of the AQOTF
but only as
The calculated dependence of the full external

is plotted
wavelength
throughput
resolvable
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Figure 9. Calculated full external acceptance angle of the new AOTF.

Polarizing birefringent prisms made out of the same lithium
niobate crystal (not shown in Figure 6) were attached to the optical
windows. They are designed to compensate for the refraction and
dispersion of the input and output optical beams at the angled optical
crystal-to-alr interfaces. In combination with the birefringent AOTF
crystal itself these birefringent prisms serve as built-in polarizers,
which spatially separate the diffracted optical beam from the incident
optical beam and eliminate the need for external polarizers.

The piezoelectric transducer (and, correspondingly, the linear
aperture of the AOTF ) has an area about 0.5 cm’ and was thinned down to
9 micron, which makes i1t resonate at 250 MHz. The resulting clamped
capacitance of the transducer reached a value of about 2000 picofarads.
The impedance of a capacitor that large at the resonance frequency is
less than 0.5 ohm. This low impedance has to be matched to the standard
50 ohm generator over the more than an octave of RF frequency required
for the broad wavelength tuning range. To accomplish this, a proprietary
impedance matching technique was developed and implemented.

The frequency range of the fabricated AOTF covered more than
octave (170-354 MHz), with a corresponding wavelength tuning range of
0.88 - 1.7 micron. This wavelength range coincides with the sensitivity
range of the InGaAs photodetector. The diffraction efficiency of the new
AQTF was measured with 2 Watts of RF power applied to the AOTF. The
measured test data are plotted in Figure 10 wversus RF frequency. The
maximum diffraction efficiency of 50% was achieved at the frequency
corresponding to the peak wavelength 1.1 micron. Such a relatively high
diffraction efficiency was achieved due to the long interaction length,
which compensated (as shown by equation (3) for the much lower figure of
merit of the lithium niobate, compared to tellurium dioxide.
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Figure 10. Measured diffraction efficiency of the new collinear AOTF.

The wavelength resoclution of the new AOTF was measured by scanning
over a narrow line of a He-Ne laser. Figure 11 shows the response of
the AOTF at 1.523 microns. The full width at half maximum (FWHM)
wavelength resolution, AA, was 6A, which is somewhat larger than the

calculated value of 4.5A. This discrepancy is probably due to the
spoiling influence of the slight inhomogeniety of the LiNbO, boule. The
slight broadening of the spectral response of the AOTF does not impair
its wutility for high resolution hyperspectral imaging and spectral
analysis. This spectral broadening can be further reduced by more
thorough control of the optical quality of the lithium niobate
crystalline material.

TES.7 MH= 187.2 MH=

Figure 11. Response curve of the new AOTF for the 1.523 micron He-Ne
laser.

Finally, we can evaluate the total number of the resolvable
pixels, which can be imaged through the new AOTF. This number is equal



to NxN, where N is number of the resolvable fringes, calculated by
equation (1). The results of the calculated number of resolvable fringes
for the AOTFs with the apertures 5 mm x 5 mm, 7 mm x 7 mm, and 10 mm X
10 mm are shown in Figure 12 versus wavelength. The calculations show
that an AOTF with 5 mm x 5 mm aperture would require a 2-D array with
more than 128x128 pixels, while an AOTF with 10 mm x 10 mm aperture
would need more than 256x256 pixels to successfully realize their
spatial imaging capabilities. These numbers are within the range of
commercially available 2-D focal plane arrays. The new AOTF is fully
capable of providing high spectral resolution as well asg high spatial
resolution.
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Figure 12. Calculated number of resolvable fringes for the AOTFs with
different
apertures: 1 - bmm x 5 mm; 2 - 7 mm x 7 mm; 3 - 10 mm x 10 mm.

SUMMARY

We have described progress in developing AOTF technology that
would Dbe suitable for making spectral IR measurements of complex
scenes. Our goal has been to develop a new imager and at the same time
to explore the 1limits of the AOTF as a spectral imager. With the
improved spectral resclution of this AOTF it is now possible to push
the tradeoffs of AOTF based instrument design significantly further
than was previously possible.
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