Image slicer for integral field spectroscopy with NGST





Robert Content�





Astronomical Instrumentation Group, Department of Physics, U. of Durham,


South Road, Durham, DH1 3LE, U.K.








ABSTRACT





	The new design of image slicer developed at Durham University has many advantages that make it particularly well suited for an integral field spectrograph on NGST. Integral field (also called 2-D, and 3-D) spectroscopy is a method to obtain the spectra of all the positions in a 2 dimensional image at the same time. This is usually done by cutting the field into many sub-fields that are re-imaged at the entrance focal plane of a spectrograph. Among these methods, a slicer is different in the way that it cut the field: In one direction only into “slices” instead of in the 2 directions of space into “pixels.” This implies that a slicer will give the highest product of the number of spectra by the number of spectral elements of resolution, maximising the size of the field of view, the spatial resolution and the spectral length. Also, the huge focal ratio degradation present when the spatial sampling is smaller than the diffraction PSF is significant in one direction only, so the optics of a slicer must be longer but no larger as must the other methods. Other advantages are the high transmission, the very large bandwidth since it is all reflective, and the ability to easily be cooled to cryogenic temperatures. For other methods to give the same performances, the spectrograph would have to be massively oversized. The new design is also much smaller than previous slicer designs. We will show that the multiplex advantage of a slicer on NGST is one to 2 order of magnitude larger when compared to the other methods. A few possible designs with up to 64000 spatial elements are described.








1. INTRODUCTION





	Integral field spectroscopy provides a spectrum simultaneously for each spatial sample of an extended, two-dimensional field. Such a "data cube" with axis labelled by x-position, y-position and wavelength, can be obtained by longslit spectroscopy where the slit position is stepped across the target or by scanning Fabry-Perot system. However, these techniques are less efficient because they require a number of separate exposures to be taken considerably reducing the amount of light that would be detected by a single exposure in the same total integration time. Also, with these techniques, any intensity variations with time degrade the quality of the data.





	The scientific advantages for studies of extended objects are obvious but it must also be remembered that spectroscopy of single unresolved objects or integrated spectroscopy of extended objects also benefit because light from the full extend of the image is sampled simultaneously without the need of a wide slit which would degrade the spectral resolution. The product of spectral resolution and throughput is then larger with an integral field system than with a single slit.





	In the main techniques of integral field spectroscopy (Figure 1), the two-dimensional field is optically divided into small images that are re-imaged at the entrance focal surface of a spectrograph (entrance slit or entrance mask for multi-slit spectrographs). Different methods have been developed, such as that proposed for the Gemini Multi-Object Spectrographs (GMOS)1 in Durham2,3,4,5, in which the original field is divided into small images by an array of microlenses, each feeding a fibre. The fibre outputs are positioned side by side at the entrance slit of a spectrograph where another set of microlenses changes the focal ratio to match it to the spectrograph. A simpler technique uses bare fibres6, without microlens arrays at the input and output. Another technique uses an array of microlenses to split the field into an array of micropupils7; each of these pupil images is a source on the entrance focal surface of the spectrograph. These 3 techniques have in common to cut the field in both directions of space into individual subfields where the spatial information is lost, each subfield then being a “pixel” that gives an individual spectrum.
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	Another group of techniques gives a series of images of the same field each at a different wavelength. In one technique, many dichroid mirrors are placed in the beam, splitting it into many beams with different bandwidth each ending on a different detector8. Another technique uses a spectrograph with a two-dimensional image at the input, that is a very large slit. A slicing device in the spectrum image surface sample many narrow bandwidths and sends each sampled beam back into the spectrograph to reconstruct the white light images. At the output, the beams give a series of two-dimensional images of the field that appear side by side on the detector, each with a different bandwidth. These techniques have in common cutting the spectrum into narrow bandwidths instead of cutting the field.





	The last technique is image slicing9,10,11. The original image is sliced into narrow but long images the same length than the field. As for the other techniques that cut the field, the slices are re-imaged side by side to form the image at the entrance slit of a spectrograph. This technique cut the field in one direction of space only instead of two; the spatial information is then maintained in the other direction, as with a normal slit.





	Finally, efforts to develop a no-slicing-or-cutting-camera that can directly give a measurement of the photon energy are now giving significant results12. Superconducting photon counting cameras are now sensitive enough to read the photon energy with a resolution better than 10% in the visible.
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	Three projects of slicers of the new design have now started. The slicers will be built for the CGS4 spectrograph, which is on UKIRT, for the UIST spectrograph that will go on UKIRT14, and for the Gemini Near-InfraRed Spectrograph15 (GNIRS). All are at the design phase. We are also studying a slicer for the Gemini Multi-Object Spectrographs (GMOS) that could replace the lens and fibre integral field unit we are planning to built.








2. DESCRIPTION OF THE DESIGN





	Figure 2 shows a diagram of the design. The light from the telescope is first captured by a series of mirrors that slow the focal ratio to get the right image size on the slicing mirror. The image of the source is then formed on the slicing mirror, which is made of long and narrow mirrors with different tilts. Each slice beam is reflected in a different direction onto another mirror, called an “imaging mirror,” on which an image of the telescope stop appears. Each imaging mirror re-images a slice of the original field on the entrance slit of the spectrograph. The slice images are side by side with little space between them and form together a very long image on the spectrograph entrance focal surface. Field optics are used to re-image the telescope stop at the correct position in the spectrograph.





	This design must be considered as the basis of a new design family. Many variations are possible. For example, In Figure 2, the slicing mirror has some power to re-image the telescope stop on the imaging mirrors; this is not necessary, the pre-optics that are used to change the magnification can also be used to put the telescope stop images at the correct position. The image slicer can then be made of flat sub-mirrors. The field optics are made of lenses, but usually they are made of 45( spherical mirrors (Fig. 5). The images of the slices on the spectrograph slit have slightly different magnifications; this can be corrected by moving the imaging mirrors so that the ratio of the distances imaging-mirror-to-slicing-mirror and imaging-mirror-to-image-of-slice be the same for all slices. The ratio must not be near the value one for this to be possible. The pupil images do not need to be exactly on the imaging mirrors, only near them in order for the beam size to be sufficiently small on them.








3. ADVANTAGES OVER OTHER METHODS





	An instrument on a space telescope has to satisfy drastic conditions, basically it has to give miraculous performances for a dementialy small weight. An integral field unit on NGST would then have to give the largest field of view, the largest number of spatial an spectral resolution elements, a very large bandwidth, at least 1 to 5 (m, and a high transmission while at the same time it must weight nearly nothing and take very little space, minimise the weight and size of the spectrographs and be easy to cooled to cryogenic temperatures. The new design of image slicer fits particularly well with those specifications. The other methods all have different disadvantages compared to a slicer.





	The methods that cut the spectrum, giving many images of the field at different wavelengths, suffer from a small number of spectral pixels (not spectral elements of resolution), usually < 20. The same is true for the camera that measures the photon energy. The maximum spectral resolution is also quite low unless there are significant transmission losses and/or a severely restricted range of accessible wavelengths. Image slicing and the other field cutting methods have all the advantages that can give a spectrograph, with very low to very high spectral resolutions, a large range of accessible wavelengths and a spectral length in the thousands of pixels.





	Cameras that measure the photon energy are still giving very low or no spectral resolution in the infrared. Although they will certainly improve in the next few years, the spectral resolution will remain low and the cost huge compared to a spectrograph with an image slicer.





	The methods that cut the field with fibres and lenses suffer from limitations due to their cutting of the field in both directions of space instead of one only with a slicer, and from the losses of the spatial information in each spatial subfield. Also, microlens arrays and fibres are components of low optical quality. We will now look at each advantage of the slicer separately.
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3.1. Maximum packing of the spectra





	The slicer gives the maximum packing of the spectra on the detector. Since the spatial information is conserved in the direction parallel to the slit, each pixel column on the detector gives a spectrum. To have 2 pixels per FWHM in the spectral direction with the other field cutting methods, it is necessary to have 2 pixels per spatial element. Clear space between the spectra is also necessary, for example, in the method using an array of microlenses that gives an array of telescope stop images at the spectrograph input, a space is needed between adjacent spectra to avoid contamination. A normal number of free pixels would be 2 if a small contamination is acceptable. There are then 4 pixels per spatial elements altogether, which is 4 times fewer spectra than with a slicer. With the method using bare fibres, the simple fact that the fibre core is smaller than the fibres themselves makes it impossible for the fibre output images to touch each other, and the images are circular, not square as with the slicer, giving a larger size for the same surface. The method that uses lenses and fibres also needs some space between spectra to avoid vignetting by the output microlenses.





	In order to put each spectrum on one pixel instead of 4, the spectrograph must be massively oversized. If the density of lines on the grating is fixed for the maximum spectral resolution (increasing the density reduces the throughput), the pupil size in the spectrograph, so the optics, must be made 4 times larger while the focal length of the camera remains the same, making it 4 time faster; the collimator focal ratio would remain the same, giving a focal length 4 times longer. A voluntary degradation of the image in the spectral direction would give the 2 pixel width. All of this would considerably increase the cost, the size and the weight of the spectrograph.





3.2. Smaller diffraction in pupil plane





	An integral field spectrograph on NGST will need a spatial resolution smaller than the diffraction limit of the telescope. Unfortunately, this generates a huge amount of diffraction in the pupil plane of the spectrograph. With 2 spatial elements per diffraction PSF FWHM, a stop diameter 3 times larger than the geometric pupil image would still lost many per cents of the light. Another way to describe this is to say that there is a huge focal ratio degradation due to diffraction. For NGST, it is even worse; even if we accept that the slice width is equal to the size of the diffraction PSF at 1 (m, it will be only 0.2 diffraction PSF at 5 (m. The pupil would need to be about 10 time larger, so the spectrograph 10 time faster, to limit the vignetting to < 20%. Since the methods using lenses and fibres cut the field in both directions the diffraction is also in both directions. The slicer, however, has a significant diffraction effect only in the direction perpendicular to the slices, the size of the slices in the parallel direction being at least an order of magnitude larger than the slice width. The focal ratio of the spectrograph would then need to be increased in one direction only, for example the grating would need to be longer but no larger.





	Even more, there is a trick that can be used with the slicer to get around this problem. Since we want the same spatial resolution in the direction perpendicular to the slice than in the parallel direction, we would need slices one pixel wide only. However, we want the slices to be at least 2 pixel wide to have a correctly sampled spectrum. A way to get both at the same time is to use toroidal optics in the slicer to get a different magnification in the 2 directions. For the best image quality, toroidal optics are necessary anyway. If we magnify the slice images by a factor of 2 in the spectral direction, a one pixel wide slice gives a 2 pixel wide image on the detector. But this also slows down the focal ratio by a factor of 2 in the spectral direction, which is the direction of the huge diffraction! This trick then gives us everything at the same time: The same spatial sampling in both directions, an image 2 pixel wide in the spectral direction and a focal ratio 2 time slower in the direction of diffraction. Altogether, the solid angle of the spectrograph pupil image due to field cutting diffraction is at least 20 times smaller with a slicer, and still less light is vignetted.





	The slicer itself does not have any significant vignetting. Theoretically, light could be vignetted by the imaging mirrors (Fig. 2) since the slices generate a large diffraction effect there. However, those mirrors can easily be oversized in the direction of diffraction to a size many times the geometrical pupil image. In the spectrograph slit plane, the slit can be larger than the slice image, only cutting the stray light. A slit width equal to 2 widths of the slice image seems reasonable.





	The effect of diffraction due to field cutting is even worse than it seems for the other methods. With bare fibres, the core diameter of the fibres is smaller than the distance between fibre cores; if there are 2 fibres per diffraction PSF FWHM, then the fibre core diameter is < 0.5 FWHM, increasing the width of the diffracted beam at the output. With the method using lenses and fibres, both the input and the output microlens arrays will diffract the light, although the latter has a smaller effect. With the method with lenses only, the wings of the diffracted beams cause additional contamination between spectra.





3.3. Other advantages





	The discussion in section 3.1 does not include the degradation inherent to the methods using fibres and/or lenses. For example fibres suffer from errors in the angles at which the rays go out (the so called focal ratio degradation) due to the multiple reflections in the fibres. This results in a loss of light through vignetting or in an increase in the image size, reducing the number of spectra and the spectral resolution, or in an oversizing of the spectrograph. Another problem is the limited quality of microlens arrays. Tests made at Durham13 have shown large amount of diffuse light from the microlenses, especially with the larger one used in the lenses-only method. Values between 20% and 50% were found. This has similar effects than the degradation in the fibres: to reduce the vignetted light, one must accept a larger output image, which means a lower spectral resolution and a lower number of spectra, or must oversize the spectrograph.





	The total transmission of the slicer is very good in the infrared. A normal system has only 6 reflections. With 98% reflection per surface, the total transmission would be > 88%. Even better reflection coefficients can be obtained in the infrared with gold and silver coatings. Our designs of integral field units with fibres and lenses have total transmission in the range 50% to 80% depending of the design. A slicer also covers a very large range of wavelengths since it is all reflective.
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	In the infrared, the slicer can easily be cooled to cryogenic temperature. This has already been done with a different slicer design10. In future all reflective spectrographs made of aluminium, an aluminium slicer made by diamond turning would give the adequate image quality at reasonable cost. From our discussion with Precision Optic Engineering, the cost for a multiple-mirror made of 20 slices is around $10,000. Since there are 3 multiple-mirrors in a slicer, the total cost is around $30,000 for the “special optics.” All-beryllium optics would of course cost more but, since the slicer is made of small optics, it should be negligible compared to the cost of the spectrograph.





	Fibre systems are limited in the number of spatial elements of resolution by the difficulty to manipulate the resulting “spaghetti.” Although there are projects for systems with up to 4000 fibres, we believe from our experience that even a 1000 fibre system will be significantly difficult to achieve. A slicer is limited only by the number of pixels along the slit.





	One may think that an advantage of the methods with fibres and/or lenses is the possibility to put many spectra in the spectral direction (Fig. 1 top) then increasing many times the number of spatial elements, for example by having many slits with a fibre system. However, this is also possible with the new slicer design. A 2 slit system is quite simple and a system with many slits seems perfectly feasible (section 6).
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4. ADVANTAGES OVER PREVIOUS SLICER DESIGNS





	Slicers have been first developed for increasing the spectral resolution of unresolved source without the losses of light due to undersized slit widths. In these systems, each slice gives an image with a smaller width than the original image. All spectra would be added together to obtain the spectrum of the source.





	The main previous design of a slicer for integral field spectroscopy10 used flat mirrors for the slicer and the imaging mirrors (Fig. 3), which cause different problems. First, the size of the beam on the imaging mirrors is much larger since it is equal to the pupil size plus the slice length instead of the pupil size alone in the new design. The larger beams force the imaging mirrors to be much larger, which significantly limits the number of slices and increases the tilt of the slicer sub-  mirrors. This increased tilt translates into a larger defocus at the edge of the slices. The slit image is also virtual instead of real. This makes it more difficult to design the spectrograph that goes with the slicer since no optics can be placed in the virtual space. Additional large optics may be necessary to re-image the whole virtual image on the spectrograph slit. All of this makes the previous design considerably larger than the new design, which is typically 1 slit length wide by 1 to 3 slit lengths long by a few centimetres thick. This makes it easy to insert a slicer of the new design inside a future spectrograph.








5. CHARACTERISTICS OF AN IMAGE SLICER SPECTROGRAPH ON NGST





	Although it is not the goal of this publication to discuss the characteristics of a spectrograph on NGST, it is necessary to make some assumptions on its characteristics to see what an image slicer would give. The following discussion is based on a report16 made by a task group for the European Space Agency. The specifications in this report are based on what would ideally be the characteristics of an integral field spectrograph for scientific reasons. It is then not a feasibility study, but the ultimate goal (high level specifications) at which a feasibility study should aim with the understanding that a scaling down may be necessary. The core of the specifications can be written as follows:





1) High spatial resolution: 0.03” sampling, field of 4”x4”.


2) Low spatial resolution: 0.3” sampling, field of 60”x60”.


3) Wavelength range: 1-5 (m.


4) Spectral resolution: R=200 to R=2000 (science with the large field of view need mainly R=200).


5) Detector 8192 x 8192 mosaic.





	Only one specification is easy to achieve. Since it is all reflective, an image slicer would easily cover the 1-5 (m wavelength range, even more. The specifications on the field and the detector must be looked at more carefully. Not only the detector has to be a mosaic because of its size, but it may be split into a mosaic of spectrograph. The slicer gives here another advantage, which is that the slice images can be positioned anywhere at the input of the spectrographs and can then avoid the gaps between detectors, giving a continuous image. We will now look at the specifications as if the high and low spatial resolutions are for different instruments. In the following analysis, the magnification on the detector is 2 time larger in the spectral direction than in the spatial direction as explained in section 3.2.





5.1 High spatial resolution spectrograph





	Since a pixel on the detector is 0.015” x 0.030”, the size of the input focal surface of the spectrograph is at least 8192 times larger (plus the gaps between chips), which gives an equivalent field size > 2.05’ x 4.10’. This is quite similar to the size of the other instruments that have been proposed, namely the wide field camera and the micromirror array multi-object spectrograph17,18. But the wide field camera does not have the problem of focal ratio degradation due to diffraction by the input slices and the multi-object spectrograph has a coarser spatial sampling (0.1”) and a smaller detector (4096 x 4096). Since the proposed detector has pixels 27 (m wide, the focal ratio on the detector of our slicer spectrograph would be f/26.5 for a 7 m in the direction parallel to the slice. It would have to be at least 2 time faster at f/13.3 in the other direction to vignette no more than 33% of the light at 5 (m where the size of the diffracted beam would be the largest. At the input of the spectrograph, the focal ratio can be whatever we want since it can be adjusted by the slicer, but it would still be 2 time faster in the spectral direction. Following the design of the wide field camera, it will probably be necessary to split the light into at least 4 smaller spectrographs instead of feeding one big. Still, this instrument seems to be more difficult to achieve than the other large instruments.





	Table 1 gives an idea of what can be achieved with 4 spectrographs. The number of spatial elements is in pixel while the number of spectral elements is in slice width, which is 2 pixel wide. The value for the field of view is the side of a square field in arcsec (we ignore the gaps between chips). The slits cross the whole field, are parallel to each other and equally spaced, which means that a number of slit will give the same number of spectra in the spectral direction. A larger number of slits then increases the field of view at the cost of a reduction in the spectral length. We see that, even with 1 slit only per spectrograph, the specified size of the field (4”) is nearly fulfilled. This gives a huge spectral length of 2000 elements. With 2 and 4 slits, the field of view is significantly larger than specified while the spectral length is still very good. This shows that the size of the instrument could be scaled down if it happens to be too large and still fulfil the specifications.








Table 1: Characteristics of the high resolution slicer spectrograph





	slit/spectrograph	field of view	number of elements


		 (arcsec)	spatial (pixel)	spectral (FWHM)





	 1	  3.8	16000	2000





	 2	  5.4	32000	1000





	 4	  7.6	64000	  500








5.2 Large field spectrograph





	The specifications of the large field are more “fearsome.” Since the size of the pixels on the detector is now 0.15” x 0.30”, the size of the equivalent field of view at the input of the spectrograph would be 20.5’ x 41.0’, that is 50 times the surface area of the “wide field” camera! However, the spatial resolution is now 10 time worst at 0.3” instead of 0.03” and only the low spectral resolution of approximately 200 is needed for most of the science instead of 2000. A scaling down of the detector and a slight increase in spatial resolution would give a more feasible system.





	A possible system would be made of 16 small spectrograph each with a 1024 x 1024 detector. Each spectrograph would have 4 slits and a spatial resolution of 0.23”. This would give a field of view of 58” x 58”, roughly the specified size, and 64000 spatial pixels. The pixel size on the detector being 0.115” x 0.23”, the equivalent size of the field at the spectrograph inputs would be 2.0’ x 3.9’, a reasonable size. With this size and the coarser spatial (0.23”) and spectral (R=200) resolution, the spectrographs can be made smaller because the needed image quality is lower, so the collimator can be made faster, and the size of the grating and the camera focal length can be smaller due to the low dispersion. The spectral length would be only 120 elements, but this is sufficient with the low resolution. Since the diffraction by the slices is much smaller due to their larger width, the focal ratio in the spectral direction can now be slower than in the other direction instead of the opposite as in the high spatial resolution spectrograph of the previous section. With a focal ratio of 3.5 on the detector in the direction parallel to the slice and 4.2 in the spectral direction, only 10% of the light would be vignette at 5 (m. The focal ratio at the input of the spectrographs may need to be as fast to minimise the size, but it can be optimised to the best value since we can design the slicer with nearly any focal ratio at its output, which is the spectrograph input.
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6. MULTI-SLIT SLICERS





	In order to give the large number of spatial pixels needed, it is necessary to have many spectra in the spectral direction, which means many parallel slits crossing that direction, otherwise the number of spatial pixels would be limited to the number of pixels along the detector width. Figure 4 shows an example of a slicer with 2 slits. The light from the telescope is first split into 2 beams by a first slicer made of 2 mirrors. To avoid any defocus, the common edge of the 2 mirrors is right in the focal plane. Each beam is then re-imaged onto a slicer system that feeds one slit.





	A 2 slit slicer would still be limited in the number of spatial elements. To cover large fields of view, a system that can feed a large number of parallel slits at the spectrograph input is necessary. Figure 5 shows how one slicer can distribute the light over 8 slits. The slicer is made of 8 subslicers that each feeds one slit. Each of the 8 subsystems consists in a slicer, a multiple-mirror made of the imaging mirrors, and a multiple-mirror made of the field mirrors. Each of these subsystems needs its own specifications since the distance between the slicer and the imaging mirrors is not the same. Still, this system seems to be able to work for any number of slits at the spectrograph input.
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7. CONCLUSION





	The new design of image slicer developed at Durham University has many decisive advantages over other methods of integral field spectroscopy and previous slicer designs that makes it well suited for an integral field spectrograph on NGST. One advantage is the large product of the number of spatial and spectral elements of resolution, which is close to the theoretical maximum. Another is the much smaller diffraction focal ratio degradation due to the sampling of the field at a resolution smaller than the diffraction PSF of the telescope. Other advantages are transmission (around 90%), very large bandwidth since it is all reflective, and how easy it can be cooled to cryogenic temperatures. To get similar performances with other methods, it would be necessary to massively oversize the spectrograph, which is unacceptable for a space application. Inversely, the new design will give the maximum performances in term of size of the field of view, number of spatial and spectral elements of resolution, and transmission for a defined total weight and size of the spectrograph plus the integral field unit. A rough calculation of the multiplex advantage of the slicer compared to other methods would give a factor of > 12 for diffraction alone with the design of the high spatial resolution spectrograph. This is how smaller is the solid angle of the pupil if 33% of the light is vignetted at 5 (m, the wavelength with the largest diffraction focal ratio degradation. The combination of the density of spectra, field of view, number of spectral elements of resolution and transmission gives another factor of 4 or more. The multiplex advantage is then approximately 50 in this case. For the large field spectrograph, it is still about 10. This does not take everything into account, so those values must be regarded as minimums.
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