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ABSTRACT

Large, greather then about 1 GHz, bandwidth acousto-optical spectrometers are based on Bragg cells made by
LiNbO3 working in birefringent regime. It is well known that the frequency responce of this kind of cells is
nonlinear.The purpose of this paper is the study of possible solutions for the correction of this nonlinearity. We
studied several di�erent optical design. We analyzed 3, 4 and 5 lenses optical designs with particular care to
distortions and quality of the reimaging. About distortion we designed some lenses slightly o�-axis in order
to achieve a partial compensation of the asimmetric distortion in the spectra introduced by the non-linear
frequency responce of the Bragg cell. A solution involving all cylindrical lenses is also briey shown along with
some practical drawback leading to the rejection of such an option. Finally a trade-o� is performed in order to
balance diÆculty and cost of realization, the optical quality, and the true residual distortion. For multichannel
Bragg cells the di�erential distortion between the various channels is also analyzed.
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1. INTRODUCTION

Radioastronomy as well as other �eld, like for instance atmospheric studies of trace gases, will require multichan-
nel spectrometers capable of wide instantaneous observation band. As matter of fact the new receiver generation
based on superconducting mixers, exhibit large intermediate frequency bandwidth of the order of several GHz
with a resolution of the order of the GHz, hence requiring a very large number, of the order of several thousand,
of spectroscopic channel. Current spectrometers used in the �eld are the digital autocorrelator (DAC), the �lter
bank and the acousto- optical spectrometer (AOS). Due to the dramatic increase of the required channels, some
�lter banks have been replaced by other type of spectrometers. Current state of art of the DAC, on the other
hand, is now evolving in accordance with recent digital technologies, but still requires a high degree of integra-
tion and quite large power consuption. AOS, on the contrary, has the capability of wide band detection without
additional noise and the possibility to be multichannel with the installation of multiple transducers on the same
crystal. In these last years, signi�cative improovements in the performances of AOS have been achieved with
wide band single and multichannels spectrometers.1{4 Wideband acousto-optical spectrometer working in the
GHz region uses as active element the Litium Niobate crystal in which an anisotropic acousto-optic difraction
is possible with orthogonal polarizations for the incident and di�racted light beams. The frequency response of
this device however is not linear as in the isotropic Bragg difraction. The purpose of this study is the search
of possible solutions for the corrections of nonlinear response versus frequency of acousto optical spectrometers
based on the Bragg cells working in the birefringent regime. Here we refers to WBS (Wide Band Spectrometer)
which is one of the two spectrometers used as back-end of HIFI, the heterodyne instrument, one of the three
instruments installed in the focal plane of Herschel, the fourth ESA cornerstone. WBS is based on two array
Acousto Optical Spectrometer (AOS), as developped by Cologne University,1, 2 and will cover an instantaneous

Further author information: (Send correspondence to V.Natale)
V. Natale: E-mail: natale@arcetri.astro.it
R. Ragazzoni: E-mail: ragazzoni@pd.astro.it

Infrared Spaceborne Remote Sensing IX, Marija Strojnik, Bjørn F. Andresen, Editors,
Proceedings of SPIE Vol. 4486 (2002) © 2002 SPIE · 0277-786X/02/$15.00 157

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/14/2015 Terms of Use: http://spiedl.org/terms



aser diode

Collimator

Bragg Cell

Transducer

Polarizer

CCD

Polarizer

Acoustic channel

Scan lens
Undifracted

beam

Cyl. lens

f=150 mm

Cyl. lens

f=50 mm

z

y

Figure 1. The optical layout of the Acousto{Optical Spectrometer discussed in the text.

bandwidth of 8 GHz. Each array AOS is based on Bragg cells made by LiNbO3 crystal on which 4 transducers
have been installed. The bandwith of each elementary spectrometer is 1.05 GHz centered at 2.1 GHz. Fig. 1
shows a schematic diagram of the AOS; only one channel is shown.

The ligth coming from the 780 nm laser diode, after collimation, is divided into 4 beams by means of a
prism beamsplitter not shown in the igure. The collimated elliptical output beam have the dimension of about
1� 5mm. A cylindrical lens of approximately 150 mm of focal length will concentrate the elliptical laser beams
onto the acoustic channels in order to increase the interaction eÆciency.

The cells works in the birefringent mode. The deected ligth due to scattering with the acoustic waves
generated by the transducers has a polarization 90 degree apart relative to the input light polarization. The
interdistance between the acoustic channels is 1.6 mm and their optical aperture is approximately 0:1(heigth) �
5(length) mm The imagin optics has a focal length of about 100 mm and will provide a frequency spacing on the
detector, a CCD with 12 microns pixel spacing, of approximately 0.55 MHz. A �nal cylindrical lens concentrate
the diverging beam onto the appropriate linear CCD detector. The detector is a specially developped 4 channel
linear CCD, each having 2048 pixels with 12 �m pitch and a pixel size of 10� 60 microns; the smaller dimension
in the direction of the frequency sampling. The interspacing between CCD lines is 1 mm.

In Section 2 we present the frequency response versus frequency of the Bragg cells and in Section 3 possible
correction methods based on optical techniques are analyzed. The conclusions are �nally discussed in Section 4.

2. FREQUENCY RESPONSE OF THE BRAGG CELL

.

Wide band high eÆciency Bragg Cells uses Lithium Niobate crystal in birefringent Bragg di�raction. For
these devices the Bragg equation no longer hold. The relationships between the input angle, di�racted angles and
frequency are related by Dixon equation.5 The frequency dependence is function of the propagation directions
of the acoustic and laser beams with respect to crystal Z axis. The choice of these angles depends on the
required bandwidth and on the crystal material.5, 6 For this study we use the frequency response of the Bragg
cell NS-1.1 made by Alenia Marconi System.7 The cell covers the frequency band 1575 - 2625 MHz with a
corresponding total deection angle of the output beam of approximately 13.8 o. The scale factor, assuming a
focal lenght for the imaging optics of 100 mm and a CCD pixel pitch of 12�m is 0:4125arcmin=pixel. The best
linear �t of the deection angle versus frequency is given by �lin

o = �0:00960202+ 0:0130373�f(MHz) where
�f(MHz) = fin � fc and fin and fc = 2100MHz are respectively the input and the central frequencies.

Fig. 2 shows the deviation from the linear, quadratic and cubic �t versus frequency both in angle and in
pixels; the rms deviations in pixels are also quoted.
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Figure 2. Deviation from linear correlation between deection angle and frequency for various orders of polynomial

�tting.

The deviation from the linear �t exhibit a positive maximum of 0.628 arcmin at 2.02 GHz (-80 MHz from
the center frequency) and a negative maximun of -1.557 arcmin at 1.575 GHz ( -525 MHz), the lower edge of
the cell bandwidth. The peak to peak deviation is 2:186 arcmin corresponding to about 5.3 pixels.

Table 1 shows the results of the linear �t assuming the constant term of the �t equal to zero and where

� � is the deection angle from the Bragg Cell,

� �lin is deection angle as derived from the linear �t,

� � = � � �lin ,

� y is the desired spot position in the focal plane assuming a focal length of 100 mm.

Proc. SPIE Vol. 4486 159

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/14/2015 Terms of Use: http://spiedl.org/terms



Table 1: Frequency responce of Bragg Cell

f �f � �lin � y
(Ghz) (MHz) (deg) (deg) ( arcmin ) ( mm)

1.575 -525 -6.88011 -6.84435 -2.14588 -12.0028
1.6 -500 -6.54951 -6.51842 -1.86516 -11.4261
1.7 -400 -5.23110 -5.21474 -0.98170 -9.1266
1.8 -300 -3.91766 -3.91105 -0.39635 -6.8367
1.9 -200 -2.60852 -2.60737 -0.06905 -4.5538
2.0 -100 -1.30289 -1.30368 0.04761 -2.2757
2.1 0 0 0 0 0
2.2 100 1.30084 1.30369 -0.17082 2.2757
2.3 200 2.60032 2.60737 -0.42305 4.5538
2.4 300 3.89907 3.91106 -0.71926 6.8367
2.5 400 5.19780 5.21474 -1.01664 9.1266
2.6 500 6.49689 6.51843 -1.29189 11.4261
2.625 525 6.82183 6.84435 -1.35123 12.0028

3. FOCUSSING OPTICS

.

In order to not degrade the frequency resolution of the Bragg cell, the imaging optics must work in the
di�raction limit regime and must introduce negligible aberrations. The optics could also include some sort of
correction to the intrinsic frequency nonlinearity peculiar of this kind of a spectrometer. As shown in Fig.2,
an ideal parabolic correction decreases the rms error from about 1.32 pixels to about 0.37 pixels level. Further
correction could be hardly done by means of simple optical techniques.

3.1. Optical design and simulation

Fig 3. shows the analyzed optical con�gurations, as described in Section 1. The imagin optics will focus the
beam into the appropriate pixel depending on the input frequency and the �nal cylindrical lens will illuminatate
the appropriate CCD channel.

The optical design is based on both spherical and cylindrical lenses for the imaging optics. The nonlinearity
response versus the input frequency correction is obtained by tilting the optical axis of the imaging optics, by
decentering the �nal cylindrical lens and, �nally, by eventual tilt of the CCD.

The analisys was carried out using Zemax. In order to concentrate the e�orts in the design of the focussing
optics and to overcome some limitations of the software, the following simpli�cations and assumptions are made:

1. only one acoustic channel of the Bragg cell at time is considered. The selection of one of the four channel
is obtained by decentering in the x direction (the direction perpendicular to the frequency scanning, the
vertical in Fig. 3) the whole optical system just after the the Bragg cell.

2. the acoustic channel of the Bragg cell is assumed to be located at the stop position, whose dimensions are
0:1� 5mm, similar to the real dimensions of the acoustic channel

3. the convergin beam (in the x direction) coming from the �rst cylindrical lens is simulated by starting with
a circular parallel beam of 5 mm in diameter plus a paraxial cylindrical lens with 150 mm of focal length.
The input rectangular stop is placed at a distance of 165 mm from this lens.

4. the twelwe possible beam directions coming from the Bragg cell are those listed in Table 1,

5. no attempt have been made to take into account the real behavouir of the �rst cylindrical lens, the e�ects
of the prism beam splitter and the Bragg cell itself.
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Figure 3. The optical layout for the focussing optics feeding the light from the Bragg cell onto the linear CCD.

3.2. Optical con�guration

The analyzed cases for the focussing optics are the following:

1. three meniscus elements using standard spherical optical elements,

2. three meniscus cylindrical lens,

3. four and �ve spherical lenses,

4. as in 1 with the frequency responce correction by means of a Gascoigne plate,

5. as in 2, but with the frequency response correction by means of a specially designed slits.

Case 1 This is a very standard solution which use as focussing element a meniscus triplet. The optical layout
is shown in �g.4. In the upper panel of the Fig. 5 are shown the deviation from the linear response in the case
of no correction for the nonlinearity of the frequency response of the Bragg cell (dashed and dottet lines) and in
the case of nonlinearity correction (dashed and dot-dashed lines). In the same �gure are also shown the optics
responses for the two centrals (x3c) and the two outer (x3u) Bragg cells. The original rms nonlinearity of about
1.4 pixels is reduced to about 0.5 pixels. The correction has been obtained with a tilt around the x axis (in
the plane of the �gure) the whole imaging optics and by decentering, in the y direction, the cylindrical lens.
The lower panel of Fig. 5 shows the deviation from linearity in x direction (see Figure 1); the precision in this
direction is less important because of the pixel dimension (60�m). Figures 6 and 7 shows the Spot diagrams of
this con�guration with nonlinearity frequency correction for the outher (image heigth in the focal plane of 1.5
mm) and central (0.5 mm) Bragg cells. In these �gures, the spot width correspond to the x direction, i.e. in
the direction of the CCD separation, and the height correspond to the y direction, i.e. in the direction of pixel
separation.
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Case 2 Only cylindrical lenses are used for the imaging optics. Figures 8,9,10 and 11 are the corresponding
�gures to the Case 1. Here we obtain a sligtly better correction of the nonlinearity of the frequency response of
the Bragg cells (0.4 - 0.1 pixel rms) at cost of a sligtly increase of the deviation in the x direction and, perhaps,
a sligthy degradation of the Spot Diagrams. Also in this case the nonlinearity correction has been obtained by
tilting the whole imagin optics and by decentering the �nal cylindrical lens.

Case 3 Four and �ve spherical lenses have been used for imagin optics. Fig. 12 shows the performances in
terms of nonlinearity correction for the centrals and the external cells for the four lenses design (curves labelled
4c and 4u) and for �ve lenses design (curves 5c and 5u). The general performances are much more uniform with
respect to the previous cases. The optical layouts are reported in the �gures 13 and 14 respectively for the four
and �ve lenses implementation, while the Spot Diagrams are reported in the �gures 13,14 (four lenses) and 15,
16 (�ve lenses).

Case 4 Frequency nonlinearity correction by means of a Gascoigne plate. The analisys has been carried out
for two plate position with respect to the CCD, for two plate material and for varioius plate thichnesses. The
results are quite sensitive to the distance between the plate and the CCD, and quite insensitive to the plate
material and thichness. Hovewer this approach has two drawbags: �rstly other two surfaces must be inserted
in the optical path with a likely increase of ligth scattering and sencodly the plate pro�le shows a peak to
peak deviation from atness at maxmimum of few microns. This last result will certainly require very diÆcult
fabrication method and quite diÆcult mechanical mounting.

Case 5 A further tentative for the nonlinearity correction was attempted by inserting a specially shaped
diaphragm in front of the imaging optics. The results in the nonlinearity correction was quite interesting with
the additional bene�t of amplitude equalization of the frequency response of the Bragg cell. However there is a
decrease in the total amount of ligth reaching the CCD and an increase in the spot diameter, due to the sligth
defoccusing required by this technique.

These latter two solutions will be no longher considered. For the sake of completness in Figures 19 and 20 are
reported the Spot Diagrams relative to the meniscus spherical triplet; the performances both for the centrals as
well as for the external cells are extremely good.

In Table 2 the relevant dimensions, with reference to the Figure 3, are reported. The last three columns have
the following meanings:

� is the tilt angle of the imaging optical axis relative to the direction of the output beam from the Bragg cell
at center frequency;

d is the decentering in the y axis direction of the cylindrical lens;

 is the tilt angle of the array CCD around the x axis

Table 2: Relevant parameters

Setup D0 D1 D2 D3 D4 L � d  

(mm) (mm) (mm) (mm) (mm) (mm) (degree) (mm) (degree)

Case 1
No corr. 43.55 42.8 51.6 25 29.8 200
Correct. " " 53.8 21 34 203 4.78 6.64 1.8

Case 2
No corr. " 34.1 28 39 27.5 179
Correct. " " " " " " 2.87 4.1 1.8

Case 3
4 lenses " 30.8 24.2 25 19.3 153 2.8 5 -0.2
5 lenses " 48.3 20 12 30.7 164 2.9 4.9 0.5
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4. CONCLUSIONS

A good correction for the cell frequency nonlinearity would probably require the use of a imaging optics more
complicated than a simple triplet, also in the all cylindrical con�guration. In principle a more re�ned four or
�ve lens con�guration should provide better performances and should be much easely manufacturable than an
all cylindrical lenses design.

On the other hand, the correction of the nonlinearity response of the Bragg cell could be easily computed and
applied to the data in order to transform the pixel scale in frequency scale. A four terms poliniomial correction
will insure as can be veri�ed in Fig. 1 a rms deviation from linearity of much less than 0.1 pixel. The signal
to noise ratio could be degraded by the procedure of linerity correction, interpolation and the �nal resampling;
this e�ect is important in the case the noise function is not correctely sampled. In the present case the noise
function is sampled with 2 samples per resolution element. In fact, the aperture time of about 1 �sec imply a
number of resolvable spots of about 1000 at the center frequency of 2.1 GHz.

More work must be done both on other optical con�guration and in evaluating with higher accuracy the
degradation of the signal to noise ratio in the case of software correct
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