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ABSTRACT
We describe a new filter that ssmultaneously 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;
so optical throughput efficiency is, in principle, unity. The principle of operation can be considered as a generdisation 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. Proof-of-concept demonstrations are reported for imaging of the ocular fundus and
microscopy of fluorescently labelled living cells.

1. INTRODUCTION
In this paper we describe a novel approach to spectral imaging based on image replication and pol arising interferometry
that offers the important and fundamental advantages of snapshot spectra imaging in two dimensions. Dubbed IRIS',
the technique enables 2D spectral imaging with moderate spectra resolution and an instantaneous field of view in pixels
that is reduced in proportion to the number of spectral bands. To highlight the advantages offered by IRIS we will first
discuss the limitations of traditional approaches to spectral imaging.

During recent years many spectral imaging techniques have been described and it has become clear that all
techniques involve 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. Perhaps
the simplest approach to spectra imaging isto spectrally filter either the source or scattered light; tuning or switching of
the filter then enables a spectra data cube to be assembled in time sequence a ong the wavelength axis. For low-light
applications, higher signa-to-noise ratios can be obtained using time-sequentially scanned Fourier-transform imaging
spectrometers®. An alternative technique, favoured by the remote sensing community isto employ an imaging dispersive
spectrometer to form a one-dimensional spectral image that is scanned linearly to construct the spectrd data cube by
scanning along the spatia dimension. A Fourier-transform equivalent of this technique has also been developed in which
a one-dimensiona array of spatial interferograms are recorded; an advantage of this technique is that the wide free-
spectral range of Fourier-transform spectroscopy is obtained. A very important advantage of the one-dimensiona
spectral imager is that the full spectra are recorded in a snapshot, so the spectral distortion that can be introduced by
imperfect coregistration of narrow-band images recorded in time-sequence is avoi ded’.

A major disadvantage of these traditiona techniques is that they are fundamentally unsuitable for recording
phenomena that are changing on atimescale that is shorter than the duration required to reconstruct the data cube. Since
this may be tens or hundreds of detector frames this is a major and fundamenta restriction that imposes severe
limitations in the application of spectral imaging to time-resolved imaging of biologica and medical processes. Further
problems arise when there is mutual trandation between the scene to be spectrally imaged and the imager as occurs in
spectral imaging of the eye®>®’ and spectral imaging surveillance from aerial platforms®>'%*2, In 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 a gorithms. In fact, to avoid this degradation typically requires coregistration of constituent images to be 1/20
of apixel or better?. This can be somewhat challenging
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Where spectral imaging has been applied to applications requiring asnapshot capability it has been necessary to
compromise resolution in either the spatial or spectral domain. Spectral imaging of fluorophors is important for time-
resolved imaging of biological processes or for in vivo imaging of, for example, epithelia in cancer detection or in
imaging of theretina. In the former case it isnormal to reduce the spectral discrimination of the instrument to just two or
three bands using multiple detectors and dichroic beam splitters that enable sufficient spectra discrimination. In the
latter case, it is possible to use time-sequentia recording of narrow-band images with subsequent coregistration
employing natural or artificial land marks. For spectral imaging of the reting, veins tend to show high contrast across a
wide spectral range and serve as excellent landmarks enabling accurate coregistration. In the absence of high-contrast
natural landmarks, such as for imaging of the cervix, artificia landmarks may be added to the scene to enable
subsequent coregistration™. There are significant difficulties and limitations introduced by post facto coregistration;
even in well-controlled imaging configurations, there is often significant warping of the image due to re ative movement
between the imager and scene and biological samples are rardy totaly stationary; for example, in coregistration of
narrow-band retinal images recorded in time sequence it is gpparent that in addition to relatively benign trand ational and
rotational offsets between images, rdative movement of the eye means that distortion of the eye-lens changes from
image to i mage and movements of arteriesin synchrony with the pul se meansthat coregistration artefacts will aways be
present.

A magor advantage of using a one-dimensional spectral imager, as has been demonstraed in aerid
hyperspectral surveillance and spectral imaging of the eye, is that thistechnique does not suffer from temporally induced
spectral misregistration. One-dimensional hyperspectral imagers have been implemented in retina imaging where they
are co-aligned, using beam-splitter optics, with a conventional monochrome or colour CCD camera™*™®, but in this case
the imagers record a hyperspectrd image of aline across a specific structure; this can enable, for example, oximetry in
blood vessels, but is lesswell suited to screening purposes.

Spectral imaging techniques that record a two-dimensiona spectral image in a snapshot are notable by their
absence. The traditional trichromatic colour camera is a prominent exception, but the basic principle used - multiple
dichroic beamsplitters to demultiplex or filter the light - is fundamentally unsuitable to imaging in more than a few
spectral bands. An elegant technique known as Computer Tomographic Imaging Spectroscopy (CTIS) employs a
diffractive optical element in the pupil plane of a conventional imager to spectrally disperse the image at the detector;
computer inversi on al gorithms reconstruct the spectral data cube from a single snapshot image™®. We report here atwo-
dimensiona snapshot technique, caled IRIS (Image Replicating Imaging Spectrometer) that also records a spectral data
cube directly onto asingle, conventional detector array. Thereis however no overlap of images and, in principle, thereis
no dispersion of the image, so there is no need to further process the data to produce a spectra image. Because there is
no inversion of the data, IRIS does not suffer the compromised noise performance that isintroduced by inversion of data
in the shot-noise-limited regime”. Furthermore, all of the detector pixels are used so that the number of voxdsin the data
cubeisequal to the number of detectorsin the detector array.

The snapshot capability offers the following key advantages:

»  Time-resol ved spectra imaging of transient phenomenais possible

*  Notemporally induced spectral misregistration or geometric distortion isintroduced

*  Thereare no multiplex losses so signa throughput can be very high

*  Thereare no moving parts so reliability and robustnessis high
The ability to record 2D snapshot spectral images is afundamental advantagein terms of its ability to record transient or
time-varying scenes, however the multiplex advantage depends upon the application. Fundamentally, the number of
pixels in the spectral image cube (that is voxds) 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
invol ves the snapshot imaging of N narrow-band non-overl apping images onto a single detector array so that thereis a
trade of f between spectral resolution and field of view. Although, in terms of the number of pixels per image, the field of
view of IRIS isreduced in comparison to a spectral imager using spectral-tempora multiplexing, for those applications
for which it is sufficiently extended without the need for spatial scanning, there is 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 IRIS imager than this isin 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; this enables high
efficiency spectral demultiplexing of broadband light. The Lyot filter!"*82% as used for many vears in astronomy.
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employs polarising interferometry 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 generaise the Lyot
filter, Wollaston prism polarising beam splitters are used in place of film polarizers enabling spectral images to be
recorded simultaneoudly in several pass-bands without rejection of light. Prior to describing the principle of operation of
IRISwewill first consider the principle of a conventiona Lyot filter.

A Lyot filter, asillustrated in Figure 1, is composed of multiple waveplates sandwiched between co-aligned
linear 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 amutual optica path difference 4=(n,-ne)t between the orthogona 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’(mvd) where v=1/\ is optical frequency. A Lyot filter consists of an assembly of multiple
polariser/waveplate combinations where the ratio between the thicknesses of consecuti ve 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 &l
constituent wavepl ate/polariser assembly and is given by

T(v)= |'J cos’(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 film polarisers are replaced with Wallaston prism polarising beam splitters as shown
in Figure 2 (8). The use of a polarising beam splitter means that after transmission through each waveplate the light is
resolved into polarisations both, aligned with, and orthogonal to, the input polarisation state. As with the Lyot filter, for
the co-polarised component the transmission function is given by cos’(twA); for the cross-polarised component the
transmissi on function is sin(Ttv). Furthermore, these two orthogonally pol arised components are displaced in angle by
the beam-splitting action of the Wollaston prism and this enables two spatially separated and spectrally filtered replica
images to be formed. Subsequent Wollaston prism polariser pairs further spectrally filter and replicate the images. After
transmission through n Wollaston prism polariser pairs 2" replicated images are formed, each with a unique product of
sin’(itv4) and cos’(iTv4) transmission functions. It can be seen then that the IRIS technique simultaneously replicates
the image formed at the fidd stop whilst applying a unique spectral filtering function to each image; this filtering
function is determined by how light arriving at each image was steered and spectrally modulated. IRIS thus performs the
function of an imaging spectral demultiplexor with image components lying within a spectra band tending to be steered
to aparticular part of the detector array. The images at the detector array are prevented from overlapping by afield stop.
The orientation and magnitude 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(2), p(2).. p(n)} where each element of the
vector identifies whether the image is due to refraction in a positive or negative direction at each Wollaston prism. In
general, the transmission function for each image at location {p(1), p(2).. p(n)} in the image plane can be written as

n

Totote).p0 (V) = [] Quiry(7718)
=1
(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-pola transmissions through waveplate i sandwiched between polarisersi-1
andi are

Qa(i )=co-polar (X) = COSZ (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
image replication. Since spectrd filtering and image replication operations commute, the order of the vector elementsis
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not important; it will always result in the same combination of 2" products of the n pairs of cos? and sin? functions being
applied at the image. For an IRIS employing three Wollaston prisms the eight pass-bands pass-band are given by

T,(v) = cos’[ma] cosT2ma] cos{ 44
cos?[ma] cos? 2] sin 4ma

T,(v)=
T,(v) = cos?y[ma| sin] 2ma) cos{ 44
T,(v) = cos?[ma]sinq 2 sin{ 44
T.(v) = siny[ma)| cos] 24y cos{ 4ma
T,(v) = sin[ma] cos] 2ma) sin{ 4ma
T,(v) = sin¥[ma|sin] 24| cos{ 4m4
T,(v) = sin?[ma|sin] 2ma sin] 4m4

(4
As can be seen the first termis identical to the spectra transmission function of the equivalent Lyot filter. Due to the
wide spectral range of IRIS it is necessary to use the dispersive variation of A with wavenumber when evauating ( 4).
In Figure 3(a) are shown the eight cal culated transmission functions for an eight-band IRIS employing quartz wavepl ates
with thicknesses for the three waveplates of t=120, 240 and 480 um. The resultant pass-bands are bell-shaped and
exhibit significant sidelobes. For visible band imaging, quartz is an ideal material for the wavepl ates since its relatively
smdl birefringence yields relatively thick and robust wavepl ates with relaxed manufacturing tol erances.

cos?(m\v) cos? (2 )cos? (4zhv) cos? (B v,)

Polariser

t Waveplate

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 with
thicknesses related by a simple factor of 2 and (b) measured transmission for waveplates optimised in thickness
to produce transmission curves with maximum fractional power in the main lobes.
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Figure 4 (a) Schematic of the implementation of the 8-channel IRIS concept within a spectral imager
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Figure 5 Assembled Wollaston prisms and waveplates for an 8-channel IRIS

Modification of the thicknesses of the waveplates can improve the characteristics of the passbands;
optimisation of the thickness values against a merit function related to the desired spectra filtering characteristics can
suppress the sidel obes. We have found that a merit function that maximises the average optical power in the main peaks
of each transmission function (and hence minimising the average sidelobe power) yields spectral curvesthat are efficient
at maximising the separation of the spectra of typicd materialsin spectral hyperspace. It is more appropriate then to

replace equation (3) by
Q,(v) = cos*(mb(v)t)

Q) =sin*(mblv))

(5
wheret; isthethickness of waveplatei and b(1) isthe birefringence at wavenumber v.
Optimisation of the above system using this technique yielded thicknesses for the quartz wavepl ates of t=121,
176 and 350 pm. 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 overdl transmission efficiency of this systemis limited to about 45% in polarised light; the dominant
contributions arise from the dichroic input pol ariser and losses in the two edge filters. The use of a high-efficiency single
element bandpass filter will increase transmission to greater than 80%.

Figure 6 Ray trace of 8-channel IRIS system.
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Whilst it is not possible to synthesis the contiguous rectangular functions typically employed in spectrometry,
in many cases this will not significantly reduce spectra discrimination performance of IRIS. A heuritic illustration of
this is the good spectral discrimination possible with the human visua system which aso employs broad overlapping
and bell-shaped response curves. A more quantitetive appraisal is the evaluation of the separation of recorded spectrain
spectral space. For typical smoothly varying spectra, the separation of spectrain spectra space is reduced by about 10%
with respect to the separation obtained by an ideal spectrometer whilst the spectral throughput is, for an eight-channel
system, eight-fold higher, resulting in a net improvement in signal-to-noise ratio by a factor of more than seven in
comparison to a spectrally multiplexed system

3. EXAMPLE RESULTSFOR EIGHT-BAND IRISSYSTEMS: SPECTRAL RETINAL IMAGING
AND SPECTRAL MICROSCOPY

A schematic of an assembled, 8-channdl IRIS system is shown in Figure 4. 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 the image
relay system, thus they replicate the image formed at the field stop onto the detector array. The field stop, or
intermediate 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 birefringent elements. A photograph of the assembled IRIS block is shown in
Figure 5 with together a UK 20p coin for scale.

A snapshot spectral imaging capability can be readily added to a conventional imaging system; we report here
proof-of-concept experiments in which eight-band IRIS systems have been fitted to (&) a conventional retina camera®
and (b) a conventional multi-port microscope® The IRIS systems, as shown in Figure 4, are assembled using a modular
optical bench system. In each case these were mounted using a conventional C-mount on the imaging systems (either the
retinal imager or microscope) so that the input ‘intermediate focal plane’ of IRIS coincided with the output image plane
of theimaging system. The image at this output plane was then spectraly demultiplexed by IRIS into eight narrow-band
images recorded on a cooled CCD camera. The spectrd filtering function of the IRIS system varied between the two
demonstrations.

In the case of the retina camera the spectra filtering was designed to enable oximetry within retina blood
vessals; the dominant factor determining the reflectivity of blood vessels is the absorption spectrum of haemoglobin. As
can be appreciated from the data presented in Figure 7(a), for wavelengths less than about 580 nm, the optical depth for
both oxygenated and deoxygenated blood is significantly less than the diameter of all but the smallest blood vessels and
so both oxygenated and deoxygenated blood within blood vessels are effectively opague. Between 580 nm and 620 nm
thereis arapid decrease in the absorption by oxygenated blood so that a 620 nm the optical depth considerably exceeds
the thickness of all blood vessels and the blood column becomes effectively transparent whilst for deoxygenated blood
the blood column remains effecti vely opague. Monitoring the optical density of blood at arange of wavel engths between
580 and 620 nm enables the effect of blood oxygenation to be separated out from variability introduced by other
pigments, such as melanin, to enable blood oxygenation to be calculated. An IRIS system was designed with quartz
waveplates with thicknesses optimised to produce eight, approximately equally spaced, spectral pass-bands within the
range 580-620 nm. The bandpass filter was placed in the illumination path to reduce the light intensity at the eye and to
reduce the effect on image quality. The measured spectral passbands are shown in Figure 7(b). A single frame showing
the eight replicated narrow-band images is shown in Figure 8(a). The systematic reduction of optical density with
increasing wavelength for some of the blood vessels can be clearly seen and identifies these as arteries carrying
oxygenated blood. Although flash-lamp illumination was used to record these images, it was a so possible to record real-
time spectral images of theretina, abeit of lower quality, using only low-power, tungsten filament inspection lamp.

In asimilar fashion, as an initid part of a programme of work to monitor multiple fluorophors using real-time
spectral imaging, investigative multi-spectral imaging experiments were conducted using an IRIS system mounted on a
conventiona epi-fluorescence microscope. The passbands of the IRIS system were those shown in Figure 3b. Since
fluorescence was to be imaged, the bandpass filter was in this case located in the pupil plane of the image relay optics.
The recorded images are shown in Figure 9. In Figure 9(a) eight narrow-band images can be seen of a branched
filamentous cell of the fungal plant pathogen Cochliobolus heterostrophus stained with the pH-sensitive dye carboxy-
SNARF-1. The fluorescence spectrum of carboxy-SNARF-1 changes in response to changes in pH. Using IRIS,
changes in the fluorescence spectrum of this dye can be monitored in red time and, after appropriate calibration, be used
to precisely quantify intracellular pH®. Figure 9b shows e ght narrow-band images of germinating spores of the fungus
Neurospora crassa |abelled with the green fluorescent protein and the membrane-selective dye, FM4-64, after blue UV
excitation. The green fluorescent protein is only detected at 540 nm whilst FM4-64 is best detected between 580 and 680
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nm. Simultaneous spectral imaging will be extremely useful for imaging cells labelled with multiple probes, especialy
where the fluorescence spectral bandwidths are narrow (e.g. asin the case of quantum dots®).

4. CONCLUSIONS
We have described a new concept in spectral imaging instrumentation that combines polarising interferometry and
polarising beam splitters to simultaneoudly implement image replication and spectra demultiplexing. This enables
snapshot spectral imaging in two dimensions, promising the extension of spectral imaging to transient and unstable
phenomena. Moreover, in contrast to other high throughput techniques there is no data inversion and so the associ ated
SNR advantageis retained even in shot-noise limited imaging conditions.

Preliminary in vivo images of the retina have been recorded that will enable quantitative blood oxi metry, and
some live-cel imaging has been recorded. The snapshot capability is vital in both these cases in that it removes
significant and fundamenta problems associated with coregistration of images and calibreation.

Future work will involve development of spectra unmixing algorithms and opti misation of the IRIS technique,
in terms of both the shape and number of spectral bands for specific applications.
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Figure 7(a) Absorption spectrum of haemoglobin in its oxygenated and deoxygenated forms (b) spectral
transmission functions of IRIS system designed for retinal blood oxymetry
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Figure 8 Eight narrow-band images of an optic disc recorded at the detector
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Figure 9 Eight narrow-band images of (a) Cochliobolus heterostrophus labelled with carboxy-SNARF-1 and (b)
Neurospora crassa labelled with the green fluorescent protein and FM4-64
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