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ABSTRACT

We describe a new filter that smultaneously achieves spectral filtering and image replication to yield a two-
dimensional, snapshot spectral imager. Filtering is achieved by spectral demultiplexing; that iswithout rejection of light;
50 optical throughput efficiency is, in principle, unity. The principle of operation can be considered as a generalisation of
the Lyot filter to achieve multiple bandpasses. We report on the design and experimental implementation of an eight-
band system for use in the visible and the design of an eight-band long-wave infrared system.

1. INTRODUCTION
Over the years many spectral imaging techniques have been described and it has become clear that al techniques
nvolve some compromise with no single technique offering a panacea’. The optimum technique can be determined by a
comparison of the requirements for an application and the capabilities of candidate techniques. In this paper we describe
a novel approach based on image replication and polarising interferometry that offers the important and fundamental
advantages of snapshot spectral imaging in two dimensions. Dubbed IRIS, the technique enables 2D spectral imaging
with moderate spectral resolution and an instantaneous field of view in pixelsthat isreduced in proportion to the number
of spectral bands. To highlight the advantages offered by IRIS we will firgt discuss the limitations of traditiona
approaches to spectral imaging.

A fundamental aim of spectral imaging is to record a three-dimensional spectra-image cube (two transverse
mage dimensons and one spectral dimension) and a fundamental issue to be tackled is that this must be recorded using
two-dimensional detector arrays. The solution to this dilemma is normally to time-sequentialy record snapshot images
of two of the spectral cube dimensions and to reconstruct the third dimension of the spectral data cube from post hoc
assembly of the time-sequential data. Two pertinent examples are the use of a time-sequential filter wheel and the one-
dimensional, pushbroom-scanned spectral imager®. In the former case a time-sequentia series of narrow-band images
are recorded and subsequently coregistered and assembled into a spectral data cube. In the latter case, a time-sequentia
series of one-dimensional snapshot spectral images are recorded and reassembled to form a two-dimensional spectra
mage.

A major disadvantage of both techniques is that they are fundamentaly unsuitable for recording phenomena
that are changing on a timescale that is shorter than the duration required to reconstruct the data cube. Since this will
typically be tens or hundreds of detector frames this is a mgjor and fundamental restriction that imposes severe
imitations in the application of spectral imaging to, for example, fast biochemical and combustion processes. Further
problems arise when there is mutual trandation between the scene to be spectrally imaged and the imager as occursin
spectral imaging of the eye®*>® and spectral imaging surveillance from aeria platforms’ %! |n both cases the major
problem occurs because the trandation is irregular and this can cause accurate coregistration of spectral images to be
highly problematic. In the case where a one-dimensional image is scanned across the scene a penalty for imperfect
coregistration is artefacts in the geometry of the spectral image, but for the case where the spectra are recorded in time
sequence, imperfectly coregistered images introduce artefacts in the spectrum that reduce the effectiveness of spectra
processing algorithms. In fact, to avoid this degradation typically requires coregistration of constituent images to be 1/20
of a pixel or better’. This can be somewhat challenging. A major advantage of using a one-dimensional dispersive
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spectral imager, as has been demonstrated in aeria hyperspectral surveillance and spectral imaging of the eye, isthat this
technique does not suffer from temporally induced spectra misregistration.

A further disadvantage of recording the spectral cube in time sequence is the reduced optical throughput: if N
spectral filters are employed to time-sequentially record a spectral data cube during an integration time 7 the integration
time available for each narrow-band image is 77N and the optical throughput is therefore reduced by a factor of N. For a
push-broom-scanned one-dimensona spectral imager, a one-dimensional scene is recorded in a snapshot with, in
principle, no multiplex loss, but to construct an image of PxQ pixels from Q such 1D images during an integration time
r means that the time available to record each 1D imageis 7/Q. In this case the optical throughput is reduced by a factor

For the IRIS technique described here the spectral data cube isrecorded in a snapshot using a single detector array.
This offers the following advantages:

Time-resolved spectral imaging of transient phenomenais possible

No temporally induced spectral misregistration or geometric distortion isintroduced
There are no multiplex losses so signal throughput can be very high

There are no moving parts so reliability and robustnessis high

The ability to record 2D snapshot spectral images is a fundamenta advantage in terms of its ability to record transent or
time-varying scenes, however the multiplex advantage depends upon the application. Fundamentally, the number of
pixels in the spectral image cube (that is voxels) that can be recorded in a snapshot is limited by the space-bandwidth
product (that is, the number of detector pixels) of the detector array or arrays that are used. The application of IRIS
nvolves the snapshot imaging of N narrow-band non-overlapping images onto a single detector array so that thereis a
trade off between spectral resolution and field of view. Although, in terms of the number of pixels per image, the field of
view of IRIS is reduced in comparison to a spectra imager using spectra -temporal multiplexing, if it is large enough
without the need for spatial scanning for a particular application then thereis a very significant multiplex advantage; as
high as N in comparison to a spectrally multiplexed technique. If, however, a need for an extended field of regard
requires scanning of the imager than thisis in effect spatial multiplexing and the full multiplex advantage will not be
obtained.

2. IMAGE REPLICATION IMAGING SPECTROMETER: PRINCIPLE OF OPERATION

The image replicating imaging spectrometer can be considered as a generalisation of a Lyot filter that enables spectral
demultiplexing of broadband light. The Lyot filter'?'**4** as used for many years in astronomy, employs polarising
nterferometry within multiple waveplates to yield a narrow-band filter suitable for recording monochromatic images.
Light not transmitted by the Lyot filter is absorbed by film polarisers. To generalise the Lyot filter, Wollaston prism
polarising beam splitters are used in place of film polarizers enabling spectral images to be recorded simultaneously in
several pass-bands without rejection of light. To describe the principle of operation of IRIS we will first consider the
principle of a conventional Lyot filter.

A Lyot filter, asillustrated in Figure 1, is composed of multiple waveplates sandwiched between co-aligned
inear polarisers aligned to pass light polarised at 45° to the fast axis of each waveplate. The linearly polarised light
propagating through the waveplate is resolved into orthogonally polarised components that interfere at the output
analysing polariser with a mutual optica path difference 4=(n,-ne)t between the orthogonal components where n, and ne
are the ordinary and extraordinary refractive indices of the waveplate and t is its thickness. The output polariser is
aligned with the input polariser so that the overall transmission function of the polariser-waveplate-polariser assembly is
proportional to cos’(tv4) where v=1/\ is optical frequency. A Lyot filter consists of an assembly of multiple
pol ariser/waveplate combinations where the ratio between the thicknesses of consecutive waveplates is a factor of two.
The spectral transmission function of an n-waveplate Lyot filter is thus the product of the transmission functions of al
constituent waveplate/polariser assembly and is given by

T(v)= ljcosz(imA)-

(1
A four-waveplate Lyot filter is depicted in Figure 1. A generaisation of this technique is employed with the IRIS
concept described here whereby the Tilm polarisers are replaced with WolTaston prism polarisng beam splitters as shown
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n Figure 2 (a). The use of a polarisng beam splitter means that after transmission through each waveplate the light is
resolved into polarisations both, digned with, and orthogona to, the input polarisation state. As with the Lyot filter, for
the co-polarised component the transmission function is given by cos’(tv4); for the cross-polarised component the
transmission function is sin’(ttv4). Furthermore, these two orthogonally polarised components are displaced in angle by
the beam-splitting action of the Wollaston prism and this enables two spatially separated and spectraly filtered replica
mages to be formed. Subsequent Wollaston prism polariser pairs further spectraly filter and replicate the images. After
transmission through n Wollaston prism polariser pairs 2" replicated images are formed, each with a unique product of
s5n’(ittvd) and cos’(itvd) transmission functions. It can be seen then that the IRIS technique simultaneously replicates
the image formed a the field stop whilst applying a unique spectra filtering function to each image; this filtering
function is determined by how light arriving at each image was steered and spectrally modulated. IRIS thus performsthe
function of an imaging spectral demultiplexor with image components lying within a spectral band tending to be steered
to a particular part of the detector array. The images at the detector array are prevented from overlapping by the field
stop.

The orientation and magnitude of the splitting angles of the splitting angles of the Wollaston prisms determines
the locations of the replicated images at the detector; each image can be identified by a vector {p(1), p(2).. p(n)} where
pach dement of the vector identifies whether the image is due to refraction in a positive or negative direction at each
Wollaston prism. In general, the trangmission function for each image at location {p(1), p(2).. p(n)} in the image plane

can be written as
= I:J Qa(n)(i 7T|A)
(2

where a(i) refers to either co-polar or cross-polar transmission between Wollaston prisms, so that the respective
transmission functions for co-polar and cross-polar tranamiss ons through waveplate i sandwiched between polarisersi-1
and i are

Qa(i):co—polar (X) = cos” (X) !

Qa(i )=cross- polar (X) =sin’ (X)

(3)
where suffix i=0 indicates the input polarizer and al other values indicate Wollaston prism polarizers. The spectrum
associated with each individual image replication is determined by the vector {a(1), a(2),.. a(n)} appropriate for each
mage replication. Since spectral filtering and image replication operations commute, the order of the vector elementsis
not important; it will aways result in the same combination of 2 products of the n pairs of cos’ and sin® functions being
applied at theimage. For an IRIS employing three Wollaston prisms the eight pass-bands pass-band are given by

T,(v) = cos*[ma] cosT2ma cos{ 4m4

T,(v) = cos?[ma)] cosq 2ma] sin 4ma
T,(v) = cos?[ma|sin] 2ma cos{ 4ma
T,(v) = cos?[ma|sin] 2ma] sin] 4ma
T,(v) = sin?[ma] cos] 2ma cos{ 4ma
T,(v) = sin?[ma| cos] 2ma sin{ 4ma
T,(v) = sin?[ma|sin] 2ma cos] 4ma
T,(v) =sin?[ma]sin] 2ma sin{ 4ma

4
As can be seen the first term isidentical to the spectral transmission function of the equivalent Lyot filter. Due to(th()e
wide spectral range of IRIS it is necessary to use the dispersive variation of A with wavenumber when evaluating ( 4).
n Figure 3(a) are shown the eight calculated transmission functions for an eight-band IRIS employing quartz waveplates
withthicknesses for the three waveptates of =120, 240 and 280 . The resuftant pass-bands are bett-shaped—and
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exhibit significant sidelobes. For visible band imaging, quartz is an ideal material for the waveplates since its relatively
small birefringence yields relatively thick and robust waveplates with relaxed manufacturing tolerances.

cos?(rv) cos? (2 v )cos? (4 v ) cos? (8 v)

Figure 1 Depiction of the principle of operation of the Lyot filter
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Figure 2 Depiction of principle of operation of Image replication imaging spectrometer
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Figure 3 Transmission functions for each of eight images using (a) theoretical transmission for waveplates
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Figure 4 Spectral characterisation of spectra of aluminium, green paint, concrete and coniferous vegetation
convolved with (a) rectangular filter functions and (b) IRIS optimised filter functions.
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Figure 5 (a) Schematic of the implementation of the 8-channel IRIS concept within a spectral imager
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Figure 6 Assembled Wollaston prisms and waveplates for an 8-channel IRIS

Figure 7 Replicated images of six different coloured pens at the detector plane of IRIS.

Modification of the thicknesses of the waveplates can improve the characteristics of the passbands;
pptimisation of the thickness values againg a merit function related to the desired spectral filtering characteristics can
suppress the sidel obes. We have found that a merit function that maximises the average optical power in the main peaks
pf each transmission function (and hence minimising the average sidel obe power) yields spectra curvesthat are efficient
at maximising the separation of the spectra of typical materials in spectral hyperspace. It is more appropriate then to
replace equation (3) by

Q,)(v) = cos®(mb(v))

Q(v) =sin*(mb(v),)

(5)
where t; is the thickness of waveplate i and b(V) isthe birefringence at wavenumber v.

Optimisation of the above system using this technique yielded thicknesses for the quartz waveplates of t=121,
176 and 350 um. Measured transmission functions under polarised illumination for an optimised eight band imager,
based on these thicknesses are shown in Figure 3(b). The spectra transmission is restricted by low-pass and high-pass
edge filters. The overall transmission efficiency of this system is limited to about 45% in polarised light; the dominant
contributions arise from the dichroic input polariser and losses in the two edge filters. The use of a high efficiency single
glement bandpass filter will increase tranamission to greater than 80%.
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Figure 8 Transmission functions for an 8-band IRIS system employing cadmium selenide waveplates.

Figure 9 Ray trace ot o-channel IKlIS system based on Cdse birefringent components.
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Whilst it is not possible to synthesis the contiguous rectangular functions typically employed in spectrometry,
n many cases this will not significantly reduce spectral discrimination performance of IRIS. A heuristic illustration of
this is the good spectral discrimination possible with the human visual system which also employs broad overlapping
and bell-shaped response curves. A more quantitative appraisal isthe evaluation of the separation of recorded spectrain
spectral space. For example, in Figure 4 is shown the relative energy in each spectral bin when the spectra of aluminium,
green paint, concrete and coniferous vegetation are convolved with rectangular response functions and aso when the
spectra are convolved with the response functions of a typical IRIS. The total intensities in each bin are normalised to
that of aluminium in band 8 when rectangular contiguous filters are used. Perhaps the most striking feature is that the
ntensity at the detectorsis eight-fold higher for IRIS than for a conventiona time-sequential systems.

On the other hand, the bell-shaped responses of IRIS have resulted in some smoothing of the recorded spectra.
n practice, the ability to discriminate between spectra is determined by both the separation of these spectra in eight-
dimensional spectral space and the noise contribution at each point. In this example, the mean reduction in separation of
the spectra in spectral space is 8%, whilst the signal level is increased by a factor of eight, consequently for detector-
hoise limited imaging, IRIS offers a 7.4-fold improvement in signal-to-noise ratio over an ideal time-sequential spectral
mager.

3. EXAMPLE RESULTSFOR A VISIBLE-BAND IRIS

A schematic of an assembled, 8-channd IRIS system is shown in Figure 5. This consists of an image relay system with
an intermediate image plane. The IRIS components depicted in figure 3 are located close to the pupil plane of theimage
relay system, thus they replicate the image formed at the field stop onto the detector array. The field stop, or
ntermediate focal plane, is required to prevent overlapping of the replicated images at the detector plane. The IRIS
birefringent elements are assembled into a common block with index matching fluid to reduce stray reflections and to
reduce the effect of non-flatness of the hirefringent elements. A photograph of the assembled IRIS block is shown in
Figure 6 with together a UK 20p coin for scale.

As an example of the images recorded by IRIS, we show in Figure 7 the replicated images formed at the
detector plane for an input scene consisting of six coloured pens. The variations of the grey levels for each pen in the
eight images is due to the spectra filtering functions of the IRIS system. The spectral image cube is constructed by
coregistration of these eight bandpass images. There are some aspects of this process that require calibration, including
small amounts of fixed distortion introduced by the lens and a small amount of image smear introduced by dispersion in
the Wollaston prism birefringence. Although we have demonstrated the IRIS technique in the visible band, we have
dentified birefringent materialsthat will enable its applications across a wide range of wavel engths between 200 nm and
15 pm. The design of athermal infrared IRIS is described in the next section.

4. DESIGN OF A THERMAL INFRARED IRIS

For application in the therma infrared, the design of IRIS follows the same principles as in the visible, although the
availability of materials and considerations of stray light and cold-shielding introduce significant added complexity,
particularly in the 8-12 um band. Severa materias exist that enable operation across all or part of the 3-14um range of
nterest to thermal imaging. Criteria to be considered in selecting materials include issues such as field of view, the
shape of the passbands, the degree of smearing due to dispersion in the birefringence and practicalities of prism
manufacture and system integration. An example set of optimised transmission bands to cover the 8-12 um range is
shown in Figure 8 for CdSe waveplates. A ray trace of a LWIR system employing CdSe waveplates and Wollaston
prismsis shown in Figure 9.

5. CONCLUSIONS

We have described a new concept in spectral imaging instrumentation that combines polarising interferometry and
polarising beam splitters to simultaneously implement image replication and spectral demultiplexing. This enables
snapshot spectral imaging in two dimensions, promising the extension of spectral imaging to transient phenomena and
maging from unstable platforms. Moreover, in contrast to other high throughput techniques, such as Fourier-transform
spectroscopy’, there is no data inversion and so the associated SNR advantage is retained even in shot-noise limited
maging conditions.
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