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Executive Summary

Access to visible wavelengths is essential to achieve many of the main scientific goals of the Next Generation Space Telescope (NGST). Accordingly, the specifications for NGST require that the telescope respond to wavelengths at least as short as 0.6 um. Visible wavelengths also offer significant performance gains due to the higher resolution that is available. In order to meet the need for high-quality imaging at visible wavelengths, our team has proposed a high-resolution, wide-field Visible Imager for the NGST. The scientific case for this instrument, and a preliminary design, were presented to NASA by CSA on October 1, 1999, and are summarized in the report A Visible Imager for NGST, document UBC-VI-003. Further details on the design of this instrument are given in the NGST Visible Imager Study Report, document EMS-RP-1054-10002.

Although the technology of visible-wavelength detectors has been well developed for ground-based observations, and in many respects is more advanced than that of infrared detectors, this is not true for detectors designed for space. The NGST environment presents two main problems, radiation and low temperature, that render conventional visible detectors unsuitable. The charge-coupled devices (CCD) that have proven so effective for ground based visible astronomy, suffer a progressive loss of performance due to damage from high-energy solar protons and cosmic rays. A second problem is that CCDs do not work at all at the low temperatures characteristic of the NGST detector environment (approximately 30K). At such temperatures, charge carrier mobility is greatly reduced and the efficiency with which electrical charge is transferred from the photosites to the readout amplifier drops to very low levels. These effects are discussed in detail in Visible Wavelength Detectors (Appendix A of A Visible Imager for NGST). 

While CCDs do not appears suitable for NGST, there are a number of alternatives (discussed in detail in Visible Wavelength Detectors). Hybrid detectors that use photosensitive elements fabricated from indium antimonide (InSb), designed for near infrared (NIR) wavelengths, also respond well to visible light. These are the favoured detectors for the baseline near-infrared camera (NIRC), so it is important to assess their performance at wavelengths at least as short as 0.6 um. Other alternatives are mercury-cadmium telluride (HgCdTe) hybrid detectors, CMOS detectors and hybrid detectors which use silicon p-i-n diodes bonded to a conventional multiplexer. These latter devices were identified as the detector of choice for the Visible Imager.

Although detectors having visible-wavelength response are required by NGST, there has been little direct testing and measurement of the visible-wavelength performance any of the candidate detectors at very low temperatures. Because of this, we have embarked on a program of detector testing and development, in collaboration with colleagues in the US. Testing of InSb detectors was conducted in June 1999, at the University of Rochester infrared laboratory. We are also developing an in-house facility at UBC, capable of testing detectors and small components in vacuum at NGST temperatures. UBC is also collaborating with the Rochester Institute of Technology and Raytheon Corp. in the development of large-format Si-PIN diode arrays for space applications. These results are described in more detail in the NGST Visible Imager Detector Testing Report, document UBC-VI-004.

This study developed of the Visible Imager concept and instrument design to the point where a clear assessment can be made of the scientific and technical merits of the instrument. A strong case has been made outlining the scientific gains that the instrument can provide, and demonstrating the technical feasibility. Further work is needed to determine certain parameters such as the optimal field size and detector format. In addition, the concept of including an active mirror to compensate for potential wavefront errors inherent the NGST itself should be studied. It has recently become evident that if the image quality at a wavelength of 2 um is the sole criterion for the optical quality of NGST, the image quality at visible wavelengths could be far from optimal (possibly as poor as the original Hubble Space Telescope). In this case it becomes imperative to correct the wavefront by a deformable mirror within the Visible Imager itself. In that situation, the need for a Visible Imager becomes even more compelling because the Near-Infrared Camera, which lacks such correction, would have very poor performance at visible wavelengths.

Further studies are recommended in for the continued development of the Visible Imager/High-Resolution Camera option. These include:

1. Study of field size performance vs. cost tradeoffs

2. Development and testing of Si-PIN diode detector arrays.

3. Investigation and testing of cryogenic deformable mirrors

1 Introduction

The Visible Imager was originally envisaged as a stand-alone instrument optimized for imaging and low-resolution slit-less spectroscopy at visible wavelengths. The optical and mechanical configuration of the instrument is shown in Figure 2.1. The optical system consists of a 3-mirror relay which images a 2 x 2 arcmin field of view onto a mosaic detector array. An internal pupil is located near the second mirror. Two filter wheels are located at and near the pupil. These hold a combination of broad and narrow-band filters and grisms.
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Figure 2.1 Optical and mechanical configuration of the Visible Imager.

The main features of the instrument are:

1. high-resolution optics with optimized antireflection coatings

2. 10 mas pixel size (Nyquist sampling at 0.8 um wavelength)

3. a wide 2 x 2 arcmin field of view

4. a large 12k x 12k detector array

5. detectors optimized for visible wavelengths

A wide variety of scientific programs have been identified for which the Visible Imager would be the instrument of choice. These include:

1. detection of galaxies to redshift z~8 by the Lyman break technique

2. measurement of galaxy photometric redshifts to z~8

3. high-resolution studies of the morphology of distant galaxies

4. study of star-formation and interactions in distant galaxies

5. high-resolution studies of active galactic nuclei

6. high-resolution studies of gravitational lens systems

7. detection of gravitational microlensing in nearby galaxies

8. detection of the oldest white dwarf stars

9. studies of stellar populations in nearby galaxies

10. studies of star formation in nearby galaxies

11. detection and study of small objects in the Solar System

The scientific and technical aspects of the Visible Imager proposal are detailed in individual technical reports. These are detailed in Section 3. Section 4 summarizes the present status of the Visible Imager initiative in the context of NASA’s instrument review and Canadian interests. Section 5 presents conclusions of the study and recommends avenues for further development.

2 Technical Reports

Results of the study are contained in individual technical reports produced during the course of the work. These reports are itemized in Table 3.1. Document UBC-VI-003 is the Instrument Study Report delivered to CSA 1999-09-30 as required by NASA. It presents the case a NGST Visible Imager and summarizes the work done by the instrument team to that date. It includes a summary of the scientific justification and report of the preliminary optical and instrument design by EMS Technologies Canada Ltd. Three individual reports, prepared by the team, are included as appendices. These provide results of three studies performed under the CSA contract. Appendix A is a study of visible detectors options for the NGST by Timothy Hardy of HIA. This study examined CCD performance at low temperatures and surveyed potential devices such as InSb, HgCdTe and Si hybrid arrays. It concludes that the SI-PIN hybrid array is the detector of choice for this instrument. Appendix B presents a study of NGST visible image quality by Christopher Morbey of HIA. The study examines the effects of mirror surface roughness on image structure. Appendix C reports results of simulations performed by Eric Steinbring under contract to UBC. These include the development of a flexible and detailed computer simulation and its use to assess the relative performance of the NGST Visible Imager and Near-Infrared Camera. It concludes that the Visible Imager provides significant performance gains in the resolution of faint galaxies, and in stellar photometry.

Document EMS-RP1054-10002 presents the final optical and instrument design work by EMS.  It provides a complete and detailed report of this work and addresses many technical issues including optical performance, detector format, mechanical and thermal performance, electrical design, and power dissipation. The resulting design is technically viable and meets the scientific and technical requirements for a NGST visible-wavelngth imager as set out in the Science Justification and Instrument Functional Performance and Specification documents produced under the previous study contract (documents UBC-VI-001 and UBC-VI-002 respectively). 

EMS also produced a plan for instrument development and examined costing. The results of this work were submitted directly to CSA. They indicate that the instrument can be built for a cost that is within the envelope of Canada’s expected contribution to science instruments for the NGST.

Document UBC-VI-003 reports on detector testing activities performed under the contract. This includes testing of a space-certified  InSb array at visible wavelengths and NGST temperatures. This work was done at the University of Rochester in collaboration with the infrared group lead by William Forrest and Judith Pipher. It also reports on progress in the development of a Canadian space detector testing facility at UBC.

These reports, plus the present document, constitute a complete record of the work performed under CSA/PWGSC contract number 9F007-8-1156/001/SR.

Table 3.1 Reports produced under this contract

Report
Title
WBS

UBC-VI-003
A Visible Imager for NGST


   - Appendix A
Visible-Wavelength Detectors for NGST
1

   - Appendix B
NGST PSF Degradation with Mirror Surface Roughness


   - Appendix C
A Data Simulation Study of the NGST Visible Imager
4

EMS-RP1054-10002
NGST Visible Imager Study Report
5,6

UBC-VI-004
NGST Visible Imager Detector Testing Report
2,3

UBC-VI-005
CanadianVisible Imager for NGST Final Report
7

3 Status of the Visible Imager within the NGST Project

The instrument options for NGST were reviewed by the Ad-Hoc Science Working Group (ASWG) and scientific and technical panels. Several members of our team participated in the discussions. The Visible Imager concept was favorably received overall as a valuable addition to the core instruments. Two main concerns were raised concerning the instrument as proposed. The relatively large number of pixels in the Visible Imager detector, over 1.5 million, was regarded as too ambitious and costly by the project. The pixel count has impact on the power dissipation and data volume resources of the ISIM and it was generally regarded that a non-core instrument should not have more pixels than a core instruments such as the NIR Camera. We were therefore encouraged to consider a smaller detector format and field of view, without compromising resolution. A second concern was the image quality delivered by the telescope itself. The telescope optical tolerances are driven primarily by the image quality required in the near-infrared, specifically the need for diffraction-limited performance at a wavelength of 2 um. If the alignment and polishing tolerances are allowed to be as loose as possible, while just meeting the 2 um criteria, the performance at visible wavelengths could be quite poor. In that case, there is less incentive for a high-resolution visible imager.

The results of the instrument review process are summarized in the document NGST Science Instrument Recommendations by Mather et al. This report recommends three core instruments, a NIR camera, a NIR multi-object spectrograph, and a MIR camera/spectrograph. A high-resolution visible imaging camera is ranked as a desirable option for a potential fourth instrument. This high-resolution camera has most of the features of the Visible Imager, but with a smaller field of view. 

Within Canada, the Visible Imager/High-Resolution Camera enjoys widespread support and is one of the top two ranked options for a Canadian science instrument contribution for NGST. It has the attraction of being an instrument that could in principle be designed and built within Canada primarily by Canadian industry and scientists. Being a large-format optical imager and the highest-resolution instrument on NGST, it would also have high visibility and public interest.

Conclusions and Recommendations for Further Work

The work performed to date has brought the Visible Imager from a concept to a well-developed proposal and a serious contender for a fourth instrument on NGST. The main conclusions of the study are:

1. A high-resolution imaging camera having a field of view of order 2 arcmin and optimized for visible wavelengths would be a very attractive instrument for the NGST.

2. There is a wide range of scientific programs, many of these in key areas, for which the Visible Imager would be the instrument of choice.

3. Some scientific programs, such as the detection of the oldest white dwarf stars and gravitational microlensing in nearby galaxies would be particularly difficult to conduct without a high-resolution optical camera.

4. A Visible Imager, providing 10 mas sampling over a 2 arcmin field is technically feasible and could be built within the cost envelope of Canada’s contribution to the NGST project.

5. The Visible Imager is well-suited to the interests of the Canadian astronomical community, and would be a high-profile initiative enjoying wide public support.

6. This instrument could be designed and built in Canada primarily by Canadian industry and scientists.

While the basic concept and design of the Visible Imager remains sound, some modifications are recommended in order to address the concerns raised by the ASWG, and to optimize the design within the overall constraints of the project as we now know them. We therefore recommend that further work, on a 6-12 month timescale, be focused on the following three main areas:

3.1 Instrument Optimization and Development

A study should be made of the scientific and technical tradeoffs involved with the instrument field of view and detector format. It is now clear that the original 1.5 million pixel format is not acceptable to NASA, so smaller formats should be investigated. This requires a study of the scientific implications of a reduced field of view as well as the potential cost savings afforded by a smaller detector, simpler optics, etc. The impact of the possible detector formats on the ISIM, particularly with regard to power dissipation and data volume should also be considered. Instrument development work should include necessary activities such as further investigation of detector packaging, cyrogenic actuations, electronics, control and data systems, etc.

3.2 Detector Development

At present, the detectors that are needed for the Visible Imager do not exist. Development programs are underway by two US manufacturers, Rockwell and Raytheon, which will eventually produce SI-PIN arrays in the desired 2k x 2k format. Rockwell is developing Si-PIN devices internally on their own timescale. The work with Raytheon is funded by NASA and lead by Zoran Ninkov at the Rochester Institute of Technology. Hickson is a CO-I in this program and will be involved in the development of these arrays. We therefore have an opportunity for direct input into the design of these detectors, and firsthand evaluation and testing at UBC using the CSA optical test facility (described in the Detector Testing report).  The first devices are expected to be ready for testing within one year. Support is needed to complete the test facility and prepare it for the Si-PIN arrays.

3.3 Active Wavefront Correction

The possibility of significant mid and low frequency wavefront errors in the images delivered by the NGST makes it imperative that we consider active wavefront correction in the Visible Imager. This could be done by incorporating a deformable mirror at or near the position of the internal pupil. Deformable mirrors are in common use for ground-based adaptive optics (AO) systems where the requirement for high-bandwidth and large wavefront corrections are much more severe than what would be needed for NGST. These devices, however, are designed to operate a room temperature. An investigation of the current state of cryogenic deformable mirror technology is therefore needed. Another approach would be to test existing commercially-available AO deformable mirrors in vacuum at NGST temperatures in order to evaluate their suitability for the instrument.

Appendices

3.4 Non-Consumable Equipment and Material

Equipment purchased under this contract is listed in Table 6.1.

Table 6.1 Equipment purchased under this contract

Item
Model
S/N
Quantity
Value ($)

Optical Cryostat
Janis CCS-250
7259
1
31,425

Temperature Controller
Lakeshore 321
33840
1
  2,730

Thermocouple Gauge
DTC531-115BXNT

1
     675

3.5 Disclosure Certification

This form is attached.
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