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Abstract


We describe the instrument package concept that we have investigated as part of the Goddard Space Flight Center study for NGST.  It is composed of highly integrated,  high performance cameras and spectrometers covering the spectral region from 0.6 to 30 microns and with a large field of view. The suite has been configured to reduce cost and complexity with no sacrifice in scientific merit. A common optical bench minimizes interfaces, a guiding system integrated in the science module makes use of the science cameras with minimal penalty to science, and all near infrared instruments are built around the same detector module. 


Infrared, Instruments, Space Telescopes


� Introduction


The integrated science instrument module (ISIM) together with the optical telescope assembly (OTA) constitute the core science instrument for the Next Generation Space Telescope (NGST). Trade studies based on our Design Reference Mission1,2,3  have indicated that investing in the science instruments gives a large payoff in terms of expected science return. High performance large FOV optical design, low noise detectors, and low temperature operation will yield the highest scientific return for the planned technology investment.  In this paper we present the concepts that we have developed during the 1996 Goddard Space Flight Center study for NGST. This is by no means what the final NGST ISIM will necessarily be.  Studies are underway (or about to commence) by industry, academia, our international partners, and at GSFC to add further concepts, innovations and refinements to advance the state of the art in instrument building for NGST. This "yardstick" instrument was designed in order to demonstrate feasibility and performance as well as aiding in estimating cost. Most importantly, it has allowed for a deeper understanding of the system level implications of ISIM design choices on the entire observatory


Design Philosophy


All instruments in this strawman instrument suite were designed and packaged together.  In fact, the OTA and the ISIM were designed together in order to assure both the relatively large field of view and the practical need to package the instruments in a finite space.  Integrated design and packaging was explored in order to reduce cost but it was quickly clear that it offered further advantages. In particular,  high level design decisions that simplify the overall system can be made; since the design team oversees all of the instruments,  the thermal design can more easily be optimized; design concepts and components can be shared where applicable; integration is done by a single team offering the opportunity to compress the schedule; finally, a single instrument command, control and processing environment can be designed.  It is these features of the integrated design where our analysis indicates that the quality and robustness can be maximized while simultaneously lowering the overall cost relative to the traditional approach of independent design and integration.





The instrument suite is composed of a near infrared (NIR) camera (actually composed of 4 sub cameras all identical), a multislit near infrared low resolution spectrograph and a mid-infrared (MIR) camera/spectrograph combination. Table 1 summarizes the key parameters of the instrument suite





 Table 1: Main instrument characteristics
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Wave-length range 
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(arcmin)�
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(microns)�
�
NIRCAM�
InSb�
0.6-5.3�
27�
29�
23.8�
8192�
4x4�
2.27�
�
MIRCAM�
Si:As�
5-30�
27�
230�
5.5�
1024�
2x2�
9�
�
NIRSPEC�
InSb�
0.6-5.3�
27�
100�
�
4096�
3x3�
�
�
MIRSPEC�
Si:As�
5-30�
27�
230�
�
1024�
�
�
�



 Focal Plane 





The focal plane arrangement of the science instrument apertures is shown in Figure 1.  The optical axis is located at the center of the NIR camera.  The near infrared camera, the mid-infrared camera and the multi-slit near infrared spectrograph can work in parallel thereby significantly decreasing the time required for performing surveys. The cameras do not need prior target acquisition, since their field of view is large compared to the uncertainties of the pointing system, but when not working for specific fields,  the near infrared multislit spectrograph  can also be used in a fully autonomous parallel mode (“point and shoot”) with automatic selection of the targets increasing even further its usefulness.
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Figure 1: Focal plane arrangement.  The NIR is located at the center of the field of good optical quality which is xx away from the optical axis of the telescope.


Detectors


Indium Antimonide (InSb) was chosen because of its low dark current and low readout noise characteristics.  A low dark current is critical to the overall sensitivity of the observatory and should be negligible compared to the zodiacal background. InSb detectors must be operated  at about 35 K.  Mercury-cadmium-telluride (HgCdTe) has the advantage of being able to work at higher temperature (70K) up to about 3 microns (beyond that they also must be cooled to about 35K) but has a much higher dark current.  Since it is possible to cool down SIM passively to about 30K, InSb is the obvious choice for the entire NIR spectral range. In addition, InSb’s response extends to the visible, a feature which can be very advantageous for both science and guiding, and eliminate need for additional visible detectors.





The MIR detector is an Si:As blocked impurity band device. Among current 2-dimensional near infrared detectors we have selected the Indium-conduction (IBC) array which offers relatively high quantum efficiency and good spectal coverage from 5.5 to 30 microns. Si:As detectors need to be cooled to about 6K and thus require active cooling.





The main characteristics of these two types of detectors are given in Table 2. Since the detector dark current in the currently available detectors is somewhat higher than desired compared to the natural zodiacal background but is not yet fundamentally limited, we have assumed that improvements by at least a factor of 2 to 5 over the next five years could be made in this area provided there is sufficient support for dedicated development effort. 





�
Table 2: Main characteristics of the detectors


Parameter�
InSb�
Si:As�
�
Wavelength coverage ((m)�
0.6 to 5.3 �
5 to 30�
�
Dark current (electron/s)�
0.02*�
10*�
�
Readout noise (electrons)�
15*�
30*�
�
Multi-sampled readout noise �
4�
8*�
�
Full well�
100 000�
300,000�
�
Temperature (deg K)�
30K�
6 K�
�
Read out time ((s/pixel)�
3�
3�
�
* assuming improvement by a factor of 2 to 5 over what is currently available





Because of the very large format required, the NIR detectors are made of a mosaic of 1kx1k arrays arranged in sets of  4.  This is both to reduce cost (no supplemental development effort beyond existing technology, higher yield and easier rework during the testing phase) and to minimize the impact of the guiding function on science data. Furthermore, the reduces the needed technology development for a new fabrication process and allows us to concentrate on improved noise characteristics, which directly improve scientific performance. The Si:As array is made of 1kx1k array using the same footprint as the NIR elemental arrays. 
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Figure 2:  Typical quantum efficiency of the InSb and Si:As array (courtesy of SBRC)
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Figure � STYLEREF 1 \n �3�: Schematic view of one of four 2kx2k assembly composing each of the NIR camera detector assembly.  Each camera is composed of four of these assemblies.





Unlike CCDs, InSb arrays can be read nondestructively. In order to reduce the readout noise, the entire array is read multiple times at the start and end of an integration. The arrays are reset before the very first read and not again until before the very first read of the next integration period. The  readout noise is reduced by the inverse square root of the number of reads, but past 30 readouts or so, this reduction tends to plateau. We have adopted  32 reads per data frame as being a good compromise between reduction of readout noise and the penalty paid for storage of the frames. This averaging reduces the effects of readout noise by about a factor of 5 from 30 rms noise for a single read to about 6 electron RMS noise. With the reduced dark current, the detector background will be negligible compared to the natural background (zodiacal light) for the entire spectral range of the observatory (Figure 4).





It takes about 3 microseconds per pixel to switch the pixel output transistor onto the bus and stabilize the signal before clamping it prior to the A/D conversion. To speed up the readouts, the 1024x1024 chips have 16 independent readout buses and clamping circuits, so that each 512x128 area is read independently. With 32 reads at the beginning and  32 at the end of each frame, the total readout time is thus about 12s. This represents a 1.2% duty cycle for a nominal 1000 second exposure. The readouts are staggered in time to minimize heat loads. The average power consumption is 2mW per chip.  Since this is the main heat source within the ISIM it is critical to achieving the desired passive cooling.
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Figure 4: Background flux from the zodiacal light and thermal emission of the optics (solid curve) and from the detector dark current and readout noise (dotted line).  The optics thermal emission is negligible up to about 18 microns (shown by the bent in the solid curve)


NIR camera


The NIR camera is a wide field imager taking full advantage of the intrinsic spatial resolution of the telescope at wavelengths of 2 microns and above. The camera covers a spectral range of 0.6 to 5.3 microns (the practical range of the InSb detectors) and the magnification is optimized for providing critical sampling at 2 microns. Efficient surveying capability, as well as guiding requirements, set the field at about 4x4 arcminutes. Because of the practical limits in detector sizes, and the packaging and optical difficulty of building cameras for that large a field, the camera is composed of four subcameras each covering a field of 2x2 arcminutes.  This also provides redundancy.





Figure 5 shows the optical layout of each  subcamera. It is composed of an Offner relay which transfers the main telescope field onto the detector while creating a pupil where a filter wheel can be located. The Offner relay is free of all first order aberrations and image quality is excellent over the entire field. Each subcamera is focused by displacing the secondary mirror of its Offner relay.   
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Figure 5: Optical layout of one of the four NIR cameras.





A filter wheel with 12 positions is provided for each subcamera with one of these positions a silvered blank for dark current monitoring. Contiguous broad band filters and grisms are provided in all four channels for deep surveys and guiding.  The filter wheel is located at a pupil to minimize filter size. Because of the lack of space, the wheel straddles the return beam and has openings to clear it. 


NIR Spectrometer


The NIR spectrometer is a multi-slit spectrometer with spectral resolution of 300 and 3000, and a spatial resolution of 100 milliarcsecond covering a field of 3x3 arcminutes. The key to the instrument is the integrated circuit micromirror array with digital control recently developed by Texas Instruments for television projection systems.  The array is composed of 1800x1800 micromirrors, each of which can be tilted at +/- 20 degrees from the uncontrolled rest position.  The array is positioned at a focus such that at one tilt angle, the micromirrors reflect the incoming beam into the spectrograph, while rejecting the beam in the other angle.  The micromirrors can be then arranged to form single slits of any desired width and length, or more interestingly can be used to form multiple slits for multiple object spectroscopy. Acquisition of potential targets can be obtained by using the spectrograph in camera mode (a filter is used in lieu of the grisms). In order to optimize this system for NGST the micromirrors should be 100x100 microns in size, each one covering 100 mas on the sky and will require some technology development.  The optical design for the spectrograph is shown in Figure 6.
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Figure 6: Optical layout of the NIR multi-slit spectometer


MIR camera and spectrometer


The MIR camera (Figure 7) covers a field of 2x2 arcminutes over a spectral range of 5 to 30 microns using a 1kx1k Si:As array as detector.  The optical layout is shown in the figure.  It is a refractive system which,  compared to a reflective system, is shorter and easier to package.  Optical elements are also easier to manufacture (reflective elements would require aspheric surfaces), and performance over the wide field is better.
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Figure 7: Optical layout of the MIR camera





The MIR spectrograph is a single aperture spectrometer  with a spectral resolution of 1000 and a spectral range of 5.8 to 21 microns. The entrance slit is 0.75 arcsecond wide and 2 arcseconds long.  The spectral range is divided into two bands, 5.8 to 13.1 and 12.75 to 21.2 microns. A cross disperser is used for the first band.  Spectra are formed on the detector of the MIR camera. The grism/cross disperser units are mounted on the camera filter wheel.


 Design Issues


The optical bench is a truss structure made of beryllium with mounting brackets for the optical components and mechanisms, which are also made of beryllium. Beryllium has a very high intrinsic stiffness, thus minimizing mass.  Since all mirrors are also made of beryllium, an optical bench made of the same material guarantees that the optical system will remain in focus to the first order independently of the overall temperature.  It also eliminates the need for differential expansion devices, normally installed in optical systems to avoid stressing the optical components during the cool down period.  The overall view of the optical bench is shown in figure 8.  Although material and fabrication costs may be slightly higher for beryllium,  overall simplification of the thermal design should lower costs and increase, simplify operations and increase observing efficiency.  This is an example where specific ISIM design choices simplify the overall systems engineering approach.





The enclosure serves as physical, straylight and contamination protection for the instrument.  It forms also a thermal barrier against radiation from the back of the sunshield.  It is composed of light frame supporting lightweight panels. It is wrapped in MLI and surrounded by a light thermal shield. The enclosure has no physical contact with the optical bench and is supported by the OTA attachments fixtures used for the optical bench.  The optical bench is attached to the OTA with 3 set of bipod flexures providing a satirically determinant kinematic mount 


�





Figure 8: Overall view of  the Science Instrument Module.





The near infrared camera and detectors need to be operated in the 30K to 40K range.  At this temperature the thermal emission of the optics and the detector dark current are negligible.  This is not the case in the mid-infrared. Critical elements of the MIR camera and spectrometer must be cooled actively, the filters and cold stop down to about 15 degrees and the detector down to at least 6K.  





Based on the heat input from detectors, the estimated parasitics, our model of the sunshield which indicates that the back of the sunshield is at 140K, and that there is a negligible heat input from the OTA (both radiatively and conductively), a first order thermal model shows that  the optical bench will paasively cool to about 30K and be adequate for the NIR channels,  but there appears to be little margin.  Further studies will refine this and study additional shielding and radiators. Furthermore, the use of an active cooler to cool the InSb detectors is also being studied.





Several active cooling possibilities exist for the MIR channel.  A cryogenic dewar was rejected because of the volume and weight . Among the possible cryo-cooling systems (H2 sorption cooler, Stirling-cycle, VM-cycle, reverse Brayton-cycle) we have selected, for the purpose of this study, the  Brayton reverse-cycle cooler because of its moderate power requirement (60 W), low mass (less than 10 kg), high reliability, long life, and very low level of vibration.  As opposed to Stirling-cycle reciprocating mechanical coolers, Brayton-cycle systems use turbines for both compression and expansion. The turbines which use gas bearings are vibration free and the absence of continuously rubbing parts eliminates failure by wear.  In addition, the individual components are small, easy to integrate, and the heat generating  turbo-compressor is ideally  suited for use with a radiatively cooled heat sink. The fluid is helium in gas form. The reverse Brayton-cycle cooler proposed for our application is based on a US Air Force/NASA development program under way at Creare.  This technology could also be used to cool the InSb detectors.





The estimated total mass for the ISIM is approximately 370 kilogram. Most of  the weight is in the structure (~125 kg), with the electronics (65 kg outside the ISIM proper and ~5 kg within the ISIM enclosure), optics (25kg) and the cooling system (20 kg)  each contributing a significant fraction of the total. The estimated power requirement for the ISIM is 160 watss of which less than a quarter watt is needed within the ISIM itself (only 0.16 watts for the detectors). 





Science data


For each observation a data rate required for the primary and the parallel observations can be computed by considering the integration times, efficiency factors (10 per cent engineering/calibration loss), wobbling time during repointing (18 minutes deadtime), detector deadtime (36 seconds per frame due to initialization and readout). Based on the Design Reference Mission Science Program allows one to derive the mean data rate during the mission. A sustained downlink rate non inferior to 800 kbit/s seems to be required. The local storage should be in the 30-50 Gbyte range in order not to introduce too heavy scheduling constraints. The on-board computing power should be in the range 50-300 Mflops. Note that since each science frame is actually obtained from several tens of readouts (e.g. 60) an  on-board fast memory of about 10 Gbytes is also required. Increasing the on-board computing power can reduce the fast memory requirement.





Conclusion


Baed on mission simulations described by Smith et al3 with the design reference mission the science instrument complement of NGST has been optimized within the mission constraints. The proposed instruments combined with the large aperture of the telescope form an extremely powerful tool for cosmological research which is fully responsive to the HST and Beyond Committee4 report recommendations.





The engineering study so far indicates that the yardstick ISIM is technically feasible; there are no obvious show stoppers.  We recognize that technology development is needed to meet the performance requirements outlined in this paper. In particular there is a need to:


(  develop detectors with  read noise and dark current reduced by a  factor of 4


(  demonstrate that these detectors can be packaged into 4096x4096 arrays


(  develop micro-mirrors at cryogenic temperatures with pixel sizes of order 100 micron


(  develop and test quiet coolers for MIRCAM





Planned internal and external studies will refine these conclusions and illuminate alternate concepts. Prototype instruments and detectors are planned for testing on ground telescopes and in space on NEXUS.





In conclusion we believe we have reduced complexity through high level systems choices. We have achieved a relatively large field of view design, which maximizes the scientific objective of high sensitivity surveys, by designing our camera and optical telescope assembly together.  The instruments share the focal plane allowing for  fully parallel modes and full time utilization of all the instruments. The integrated design reduces interfaces,  volume and mass. The all beryllium (optics, mechanisms, bench) design  reduces mass, avoid differential expansion problems, and thus simplifies the overall systems engineering. Only two types of detectors, each with only one packaging type, are needed to cover 0.6-30 micron range. The  optics and NIR detectors are passively cooled to increase reliability and reduce complexity.  Finally, the operation modes have been kept few in number and simple. All of the above characteristics contribute to reducing cost. With instruments such as outlined above, NGST will certainly reach its potential as the premier astronomical observatory of the first decade of the next millennium.
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